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Treatment of landfill leachate is often needed to remove ammonia nitrogen (free ammonia and 
dissolved organic nitrogen) because high concentrations are known to negatively impact on 
waterways and the wastewater treatment process. The objective of this study was to examine 
ways to reduce ammonia nitrogen in landfill leachate. The methods explored were coagulation–
flocculation, adsorption and system integration methods. For coagulation–flocculation 
treatment: jar test experiments explored the best coagulant, effective dose, pH control, mixing 
regimes and the use of polyelectrolytes. Three conventional coagulants – anhydrous ferric 
chloride, hexahydrate ferric chloride and aluminium sulfate – were examined, alongside three 
commercial cationic polyelectrolytes. The best coagulant was anhydrous ferric chloride, and 
the coagulant dosage and pH were found to be very crucial. Anhydrous ferric chloride showed 
removal of about 20%, 29% and 77% of ammonia nitrogen, Chemical Oxygen Demand (COD) 
and colour respectively at an optimum dose of 2,000 mg/L at pH 7. The mixing regimes and 
polyelectrolyte additions were insignificant in ammonia nitrogen removal. 
 
Sorption using local soils (type A, B, C and D) and zeolite was also studied. The four local 
soils were equally ineffective in removing ammonium from landfill leachate (< 5.0% 
removal); in contrast, zeolite was somewhat effective (23%). 
 
Two system integrations were analysed: one between coagulation–flocculation and biological 
nitrification, and the other between adsorption and coagulation–flocculation. Obstacles 
encountered in biological nitrification made it challenging to draw a conclusion as to its 
potential. In contrast, the integration of an adsorption method with coagulation–flocculation 
achieved maximum reductions of ammonia nitrogen, COD, colour and turbidity of 36%, 47%, 
96% and 85% respectively from landfill leachate. This treatment, however, still produces 
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CHAPTER 1. Introduction 
1.1 Background 
Landfilling has become an important part of the system for managing municipal solid wastes 
(MSW) in many countries due to its lower operational and maintenance costs (Shivayogimath 
& Chandrakant, 2013; Syafalni et al., 2012). Worldwide, MSW has been reported to have 
increased tremendously in past decades. For example, according to a report by Qasim & Chiang 
(1994), over 180 million tons of MSW was generated in 1988 in the United States. Moreover, 
by 1995 the generation of MSW increased to 200 million tons, and by the year 2000 to 216 
million tons. Developing countries have also experienced a trend of increasing MSW resulting 
from the growth in urbanisation (Diaz, Eggerth, & Savage, 2007). According to the World 
Bank (2012), an increase of up to 4.3 billion urban residents has been anticipated in developing 
countries by 2025. This urbanisation growth is also anticipated to generate about 2.2 billion 
tons of MSW. The MSW generated by developing countries is mostly composed of food waste 
prepared from base ingredients, organic nitrogen being common in much of this food waste 
(Mihelcic & Zimmerman, 2013). This increased MSW also results in the production of landfill 
leachates rich in ammonia –the concern in this study. 
 
Landfill leachate is a liquid formed by the degradation of the organic solid waste fraction that 
combines with rain as it infiltrates the compacted waste and reaches the bottom of the landfill 
(Poveda, Yuan, & Oleszkiewicz, 2016; Shivayogimath & Chandrakant, 2013). Most MSW 
landfill leachates are considered dangerous, as they contain large amounts of inorganic salts, 
organic matter, chlorinated organics, heavy metals and ammonia nitrogen (Sang, Sun, Chen, & 
Liang, 2008; Shivayogimath & Chandrakant, 2013; Tsatsi, Zouboulis, Matis, & Samaras, 
2003). Leachate often has higher concentrations of ammonia, COD, colour and turbidity than 
typical municipal wastewater. According to Rui, Daud, and Aziz (2012), the concentration of 
ammonia nitrogen in municipal landfill leachate could reach several thousand mg/L, 
significantly higher than the 1 mg/L aquatic toxicity limits. In view of this, landfill leachate 
has been identified as a potential source of environmental contamination in ground and surface 




1.2 Leachate problems in the environment 
The problems related to ammonia in leachate are as follows: 
 
 High concentrations of ammonia negatively impact on wastewater treatment processes 
and reduce the quality of the effluent preventing it from meeting the discharge standards 
(Poveda et al., 2016).  
 The ammonium ion has an oxygen demand as it changes to nitrates hence results in 
dissolved oxygen depletion from the surrounding water bodies. 
 Ammonia concentrations higher than 1 mg/L are very toxic to aquatic life (Aziz, 
Adlan, Zahari, & Alias, 2004) 
 Nitrogen is a nutrient and in excess contributes to eutrophication in the surrounding 
water bodies. 
 
Landfill leachate with high ammonia concentration has proven challenging for municipalities 
to manage. It would be very beneficial, therefore, to treat the landfill leachate to remove 
ammonia nitrogen (meaning free ammonia and dissolved organic nitrogen) prior to discharge 
into municipal wastewaters or to the environment. Moreover, pretreating landfill leachate can 
also facilitate recirculation of leachate and so reduce treatment costs. 
1.3 A need for research 
There is a need for landfill leachate pretreatment methods that are effective, simple in 
operation, low in capital cost and that result in reduced operational costs. According to previous 
studies, pretreatment for ammonia nitrogen proved challenging and, therefore, new ways are 
needed.  Consequently, this research explored closely the potential for, and limitations on, 






1.4 Research objectives 
There are four objectives: 
1. to investigate the removal of ammonia nitrogen from landfill leachate using the 
physical-chemical technique of coagulation–flocculation, including the use of 
conventional coagulants (anhydrous ferric chloride, hexahydrate ferric chloride, 
aluminium sulfate) alongside the effect of polyelectrolytes addition  
2. to investigate an adsorption technique for ammonia nitrogen removal from landfill 
leachate, using four local soils (silt and calcareous soils) and zeolite soil, 
3. to investigate the removal of ammonia nitrogen through a system integration between 
coagulation–flocculation and biological nitrification that converts it into nitrates 
4. to investigate the removal of ammonia nitrogen through a system integration between 
adsorption and coagulation–flocculation. 
 
The key activities undertaken include, but are not limited to, the following: 
 characterise landfill leachate for levels of ammonia nitrogen and other contaminants. 
 reproduce results of ammonia removal from previous research. 
 determine the efficiency of coagulation–flocculation method in removing ammonia 
nitrogen from landfill leachate. Thus, identifying the coagulants and polyelectrolytes that 
can achieve the best removal of ammonia nitrogen. 
 examine and analyse the performance of anhydrous ferric chloride, hexahydrate ferric 
chloride, aluminium sulfate, and polyelectrolytes in removing ammonia nitrogen from the 
leachate. 
 vary the pH and mixing regimes and examine their effect on leachate treatment. 
 examine and analyse the interaction between coagulants and polyelectrolytes in treating 
leachate. 
 compare the results of the percentage removal of ammonia nitrogen, COD and turbidity. 
 study the adsorption technique using zeolite, silt and calcareous soils (types A, B, C, and 
D) and compare the results of ammonia nitrogen removal. 
 study the system integration between coagulation–flocculation and biological nitrification 
that converts ammonia nitrogen into nitrates using nitrifying microbes from activated 
sludge. 
 study the system integration between adsorption and coagulation–flocculation that 




CHAPTER 2. Literature review 
2.1 Overview 
The literature review for this research focuses on four key areas. It starts with an insight into 
landfilling as the most practiced solid waste management technique in both developed and 
developing countries. This first part also explains how the landfill leachate is generated, its 
characteristics and the emphases on nitrogen and ammonia, and their impact on the 
environment. The second part highlights the existing ammonia pretreatment methods for 
landfill leachate, and their weaknesses. Thirdly, coagulation–flocculation, adsorption and 
nitrification phenomenon are explained, including the conditions required. Lastly, a general 
review of previous studies that focused on treating ammonia nitrogen from landfill leachate 
using coagulation–flocculation has been included. 
2.2 Municipal solid waste management in the developed and developing 
countries 
Historically, solid wastes have proved to be one of the most pressing environmental issues for 
both developed and developing countries (Diaz et al., 2007). Some of these problems are 
attributed to a tremendous increase in solid waste generation, inappropriate solid waste 
collection, unacceptable dumping, and pollutants from the solid waste. Generation of municipal 
solid waste (MSW) has been reported to have increased tremendously in recent decades 
worldwide, especially in developed countries. In 2011 the EPA reported a more detailed 
increase in quantities of MSW generated in the U.S. from 1960 to 2010 (Mihelcic & 
Zimmerman, 2013) as presented in Table 2-1. This shows a dramatic increase of MSW 
generation rates from 0.44 to 0.74 Mg/person/year between 1960 and 2010. The generation of 
more MSW threatens public health and the environment. However, in dealing with 
management of MSW, the developed countries such as the United States, have been using 





Table 2-1: MSW Quantities in U.S (Mihelcic & Zimmerman, 2013) 
 Mg per Person per Year  
1960 1970 1980 1990 2000 2005 2010 
Generation 0.44 0.54 0.61 0.76 0.78 0.77 0.74 
Recycling 0.03 0.04 0.06 0.11 0.17 0.18 0.19 
Composting Neg. Neg. Neg. 0.01 0.05 0.06 0.06 
Incineration 0 0 0.01 0.11 0.11 0.1 0.09 
Landfill 0.42 0.5 0.54 0.53 0.45 0.43 0.4 
1 These quantities exclude construction and demolition debris and wastewater plant sludge. 
2 This includes small quantities of waste incinerated without energy recovery and does not include wastes 
produced during recycling, composting, and incineration (eg, ashes). 
Note. Retrieved from Environmental Engineering book. Copyright 2013 by Mihelcic and 
Zimmerman. Reprinted by permission. 
 
Moreover, developing countries for the last three decades have also experienced a trend of 
urbanisation growth more than the developed countries, as shown in Figure 2-1 (Khatib, 2011). 
This growth has led to serious urban area population growth. In view of these, an increase of 
up to 4.3 billion of urban residents who will be generating about 2.2 billion tonnes of MSW 
has been anticipated in developing countries by 2025 (World Bank, 2012). 
 
 
Figure 2-1: 1990 – 2010 population and urbanisation growth (Khatib, 2011) 





In dealing with the increase in MSW, some developing countries have been using landfills as 
their solid waste management method. However, most communities for economic reasons are 
still using dumps, and this method has a huge impact on health, environment, and economy 
(World Bank, 2012). 
 
2.2.1 Nature of municipal solid waste in developed and developing countries 
MSW is a collection of urban waste characterised by their source and nature, which vary from 
country to country or by region (Diaz, Savage, Eggerth, & Golueke, 1996; Mihelcic & 
Zimmerman, 2013). MSW can be divided into organic or inorganic waste. Organic waste can 
also be putrescible (decomposes rapidly), fermentable (decomposes rapidly without odour) and 
non-fermentable (Diaz et al., 1996). 
 
a. Municipal solid waste and their sources  
MSW materials are considered waste when they are no longer of any value and are ready for 
disposal (Diaz et al., 1996; Mihelcic & Zimmerman, 2013). These includes waste from 
households (single and multifamily residences), municipal services, institutional, commercial, 
agricultural, industrial, construction and demolition. Table 2-2 shows sources of solid waste in 
the developed world including their percentages as found in MSW. The materials in the MSW 
include plastic and paper generated at home, food wastes from cafeteria, industry ashes, cut 
grass and leaves from parks, medical wastes from hospitals, and construction site demolition 
debris (Diaz et al., 1996; Mihelcic & Zimmerman, 2013). Figure 2-2 shows an example of 














Table 2-2: Developed Countries Municipal Solid Waste Sources and Their Typical 
Percentages. (Adapted from Mihelcic and Zimmerman, 2013). 
Source Examples Comments Typical 
percentage of 
MSW (%) 
Residential Detached homes, apartments Food wastes, garden/yard wastes, 
paper, plastic, metal, glass, household 
hazardous wastes. 
30–50 
Commercial Stores, restaurants, office 
buildings, motels, auto repair 
shops, small businesses 
Same types as above, but more 
variable from source to source. Small 
quantities of specific hazardous 
wastes. 
30–50 
Institutional Schools, hospitals, prisons, 
military bases, nursing homes 
Same types as above, variable 




Building construction or 
demolition sites, road 
construction sites 
Concrete, metal, wood, asphalt, 
wallboard and dirt predominate. Some 




Cleaning of streets, parks and 
beaches, water and wastewater 
treatment grit and sludge, leaf 
collection, disposal of 
abandoned cars and dead 
animals 
Waste sources vary between 
municipalities. 
1–10 
Industrial Light and heavy 
manufacturing, large food 
processing plants, power 
plants, chemical plants 
Can produce large quantities of 
relatively homogeneous wastes. Can 
include ashes, sands, paper mill 
sludge, fruit pits, tank sludge. 
Not MSW 
Agricultural Cropping farms, dairies, 
feedlots, orchards 
Spoiled food, Not MSW 
Mining Coal mining, gold mining, 
oil/gas exploration or 
extraction 
Can produce vast amounts of solid 
waste needing specialised 
management. 
Not MSW 





Figure 2-2: 2010 MSW waste materials (%) as generated in United States in 2010 (adapted 
from Mihelcic and Zimmerman, 2013). 
 
b. Municipal solid waste composition in the developed and developing countries 
The MSW components are similar throughout the world for the developed and developing 
countries (Mihelcic & Zimmerman, 2013). However, each country or region differs in the 
quantity of solid waste generated, the composition and density of the waste. The largest 
difference occurring in the MSW of developed and developing countries is the organic content 
in the solid waste produced (Diaz et al., 1996). According to Diaz et al. (1996) and Mihelcic 
and Zimmerman (2013) a large fraction of the waste produced by developing countries is 
organic, while developed countries produce less. This is because most of the developing 
countries are of low-income households that prepare food from the base ingredients. The 
developed countries, on the other hand, generate more inorganic material, which is mainly from 
packaging waste due to their high-income status. MSW composition for developing countries 


























75.2 1.5 0.1 0.2 0.9 3.1 19 0.146 
Manila, 
Philippines 
45.5 14.5 4.9 2.7 8.6 1.3 27.5 0.146 
Asuncion, 
Paraguay 




59.8* 11.9 1.1 3.3 3.5 0.4 20 0.248 
Bogota, 
Colombia 
55.4* 18.3 1.6 4.6 16 3.8 0.3 0.27 
* Includes small amounts of hay, straw and wood. 
Note. Copyright 2013 by Mihelcic and Zimmerman. Reprinted by permission. 
 
Table 2-4: Percentages Composition of Solid Waste in Developing and Developed Countries. 








Organic  41.0 57.6 27.8 
Paper  4.6 14.9 36.0 
Plastic  3.8 10.9 9.4 
Glass  2.1 2.4 6.7 
Metal 1.0 3.1 7.7 
Others 47.5 11.1 12.4 
Note. Retrieved from Management of Solid wastes in developing countries book. Copyright 





As mentioned before, landfilling has become one of the most popular and preferred methods 
for managing MSW in both developed and developing because it is economical and applies to 
all components of the MSW (Shivayogimath & Watawati, 2013; Syafalni et al., 2012). Landfill 
can be defined as a land-engineered method of solid waste management that minimises 
environmental risks and nuisance (Qasim & Chiang, 1994). Figure 2-3 shows a cross-section 
of a typical modern landfill with its different engineered components that minimise public 
health and environmental risk. For this method to be effective in minimising public health and 
environment hazards, it requires an appropriate site selection, design, preparation and 
operation. The MSW is spread and compacted in thin layers (small practical volumes) and then 
covered with compacted earth or soil to limit exposure to water and air (Mihelcic & 
Zimmerman, 2013; Qasim & Chiang, 1994). Water that find its way into the compacted waste 
becomes a wastewater that is called leachate and is the main focus of this research. 
 
 
Figure 2-3: A typical modern landfill cross-section showing different engineered components 




2.4 Leachate generation in landfill 
Leachate production is a very important environmental concern and therefore the most 
important component of focus on this study. After being disposed of to a landfill, MSW  
undergoes various changes: physical, biological and chemical reactions (Mihelcic & 
Zimmerman, 2013; Qasim & Chiang, 1994). Water that finds its way into the compacted waste 
carries with it extractable chemicals and becomes a wastewater that is called leachate. The 
production of leachate in the landfill is a product of precipitation, infiltration, surface runoff, 
evaporation, storage capacity and biochemical processes. Figure 2-4 shows a schematic 
diagram of the water balance situation in a landfill environment. There are various factors that 
affect leachate generation, composition, stabilisation and the extraction of pollutants by 
percolating water (Bhalla, Saini, & Jha, 2012; Mihelcic & Zimmerman, 2013; Qasim & 
Chiang, 1994). These include the following: 
 
1. characteristics of solid waste 
2. availability of oxygen 
3. landfill temperature 
4. compaction rate 
5. waste moisture content 
6. amount of precipitation 
7. landfill size and age 
8. landfill pH 
9. physical, biological chemical activities  
10. hydrology of the site 
11. geology of the site 
12. climatic conditions 
 
The amount of leachate generation can be determined by carrying out a water balance. The 
water balance equation (Equation 1) takes into account all the water entering and leaving the 
landfill (Diaz et al., 2007). This also includes water used in the biochemical processes, and 







 L = P − R − 𝐷𝑢𝑠 − ET − 𝐷𝑢𝑤  (1) 
 
where: 
L = leachate production 
P = precipitation 
R = surface runoff 
Dus = change in soil moisture 
ET = actual evaporation losses 
Duw = change in the moisture content of the solid waste components 
 
 
Figure 2-4: Leachate schematic diagram (Sami Serti, 2000). 
2.5 Landfill leachate decomposition 
As it ages, landfill undergoes a series of different stages. These stages rely on the physical, 
biological and chemical processes that take place in the landfill and they determine the 
production and composition of leachate (Bhalla et al., 2012; Mihelcic & Zimmerman, 2013; 
Qasim & Chiang, 1994). The leachate biodegradation goes through five phases that affect the 
composition of leachate, as shown in Figure 2-5 and Figure 2-6. These five phases are: 
 
 Phase I – aerobic degradation 
 Phase II – acid fermentation (anaerobic degradation) 
 Phase III – methanogenic (anaerobic degradation) 






Figure 2-5: Landfill leachate chemical constituents over time (Johannessen, 1999).  
 
 
Figure 2-6: Landfill leachate chemical constituents over five phases (Johannessen, 1999). 
2.6 Landfill leachate characteristics 
Landfill leachates generally contain high levels of dissolved organic and inorganic matter with 
concentrations higher than those of groundwater (Christensen et al., 2001a). According to 
Christensen et al. (2001a), these concentrations could be higher by a factor between 1,000 and 
5,000. The leachates vary both in volumetric flow and chemical composition. As mentioned 
before, the composition and concentration of the leachate depends on the type of the MSW 
deposited, the degree of solid waste stabilisation and the landfill age, among other factors 




as the landfill stabilises. The characterisation of landfill leachate is very important because it 
helps to identify the types of treatment possible. There are four groups of materials that 
characterise MSW leachate, as introduced by Peter  Kjeldsen et al. (2002): 
 
1. Organic matter: biodegradable and non-biodegradable expressed as COD, BOD5 or 
Total Organic Carbon (TOC). This also includes methane and volatile fatty acids. 
2. Inorganic compounds: nitrogen (measured as ammonia and total nitrogen), magnesium, 
calcium, sodium, iron, potassium, manganese, sulfate, chloride and hydrogen 
carbonate. 
3. Heavy metals (Zn, Ni, Pb, Cu, Cr, and Cd).  
4. Xenobiotic organic compounds (XOCs): these include chlorinated aliphatics, phenols, 
and hydrocarbons. The source of XOCs are industrial chemicals, households, and 
according to Christensen et al. (2001b), they are in low concentration (< 1 mg/L). 
 
Another way to characterise the landfill leachate is through the ratio of BOD5/COD. This 
indicates how biodegradable the organics are in leachate. Bashir et al. (2015) and de Velasquez, 
Monje-Ramirez, and Noguez (2012) used the BOD5/COD ratio to characterise the landfill 
leachate into three categories as follows: 
 
 young leachates of not more than 5 years of age with BOD5/COD ratio ≥0.3 (acid phase 
and biodegradable) 
 intermediate leachates from 5 to10 years with BOD5/COD ratio 0.1 to 0.3  
 old or stabilised leachates of 15 years or more with a BOD5/COD ratio <0.1 
(methanogenic-phase). 
 
A typical MSW landfill leachate composition is presented in Appendix A. Moreover, Renou, 
Givaudan, Poulain, Dirassouyan, and Moulin (2008) captured and reported landfill leachate 
characteristics showing the age and levels of contaminants from landfill leachates of different 
countries, as shown in Appendix B. This kind of data is vital because it gives an idea of 





2.6.1 Organic content 
As explained before, the organic content of leachate is used to characterise the landfill leachate 
in terms of its age and the degree of landfill stabilisation. This is through the ratio of 
BOD5/COD which indicates how biodegradable the organics are in leachate. According to 
Qasim and Chiang (1994) the ratio of BOD5/COD could increase to a high value of 19:20 
hence influencing the type of leachate treatment employed. 
2.6.2 Nutrients in leachate 
The most abundant nutrient in most landfill leachates is nitrogen, as shown in Appendix A. 
The nitrogen concentration in the developed countries leachate can be found in the range from 
600 to 5,000 mg total N/L (Johannessen, 1999). The organic nitrogen in the leachate undergoes 
anaerobic hydrolysis to form ammonia. According to Qasim and Chiang (1994) the ammonia 
concentration is present as the large proportions of total nitrogen in the acid phase of the landfill 
biodegradation stages. Moreover, in old landfills during methanogenic phases (phases III and 
IV) the ammonia nitrogen concentration levels makes about 85% to 95% of the total nitrogen 
content in the leachate (Qasim & Chiang, 1994).The other nutrient found in landfill leachate is 
phosphorus, which is often found in low concentration, as shown in Appendix A (Johannessen, 
1999). 
2.6.3 Heavy metals, chlorides and salts 
Heavy metals are generally found in fairly low concentrations in landfill leachates (Christensen 
et al., 2001b). Kjeldsen and Christophersen (2000) conducted a survey on old Danish landfills 
and found the concentrations of heavy metals low. Their results were 0.07 mg/L of lead, 0.67 
mg/L of zinc, 0.006 mg/L of cadmium, 0.13 mg/L of nickel, 0.08 mg/L of chromium and 0.07 
mg/L of copper. More of their results are presented in Appendix C. Ahmadian et al. (2013), 
however, investigated the concentrations of heavy metals at different landfill stages and found 
that heavy metals have higher concentrations in earlier landfill stages. They explained that this 
could be because at low pH (phase II), the metals are highly soluble, hence high concentrations 
are detected. They also reported very low concentrations of heavy metals at later landfill stages 
due to low metal solubility caused by increase in pH levels. Generally, landfill leachates are 
said to have high salt concentrations when compared to municipal wastewaters and this often 
causes problems to the receiving environment (Morling, 2007). Very high chloride 
concentrations tend to corrode the environment and also affect the wastewater treatment plant 




2.7 Nitrogen in landfills 
Nitrogen is introduced to the landfill through proteins from organic waste: food wastes, yard 
wastes and biosolids waste (Christensen & Kjeldsen, 1995). According to Diaz et al. (1996) 
and Mamo, Molina, Rosen, and Halbach (1998), about 7.0 to 18 g/kg of nitrogen by dry weight 
is contained in the MSW. Moreover, according to Jokela, Kettunen, Sormunen, and Rintala 
(2002), proteins are the main source of nitrogen in landfill leachate and about 0.5% by dry mass 
of proteins is in MSW. These proteins are mainly from organic matter in the MSW generated 
by the residential areas, commercial and institutional sources. Table 2-5 presents contributors 
of nitrogen and other organics in the solid waste. Yard waste and food waste produce the 
highest nitrogen components (3.4% and 2.6% respectively). 
 
Table 2-5: Composition of Nitrogen and Other Organics (Mihelcic & Zimmerman, 2013). 




























Food wastes  70.0 4.2 13.9 48.0 6.4 37.6 2.6 
Magazines  4.1 12.2 12.7 32.9 5.0 38.6 0.1 
Paper (mixed)  10.0 15.8 17.6 43.4 5.8 44.3 0.3 
Plastics (mixed)  0.2 32.7 33.4 60.0 7.2 22.8 < 0.1 
Textiles  10.0 18.5 20.5 48.0 6.4 40.0 2.2 
Rubber  1.2 25.3 25.6 69.7 8.7 < 0.1 < 0.1 
Leather  10.0 17.4 18.7 60.0 8.0 11.6 10 
Yard wastes  60.0 6.0 15.1 46.0 6.0 38.0 3.4 
Wood (mixed)  20.0 15.4 19.3 49.6 6.0 42.7 0.2 
Glass  2.0 0.2 0.2 0.5 0.1 0.4 < 0.1 
Metals  4.0 0.6 0.7 4.5 0.6 4.3 < 0.1 
Note. Retrieved from Environmental Engineering book. Copyright 2013 by Mihelcic and Zimmerman.
2.8 Ammonia nitrogen pathway in landfill leachate 
As mentioned earlier nitrogen is introduced to the landfill through proteins from organic waste 
(Christensen & Kjeldsen, 1995). The microorganisms in the solid waste hydrolyse and ferment 
the proteins producing ammonium nitrogen. This process is called ammonification (Berge & 
Reinhart, 2005). Hydrolysis and fermentation results in leachate with high ammonia nitrogen 
in old landfills (Berge & Reinhart, 2005; Peter Kjeldsen et al., 2002). Figure 2-7 shows 
potential nitrogen transformation pathways in the landfill environment. Previous studies have 




greater than 5,000 mg/L (Berge & Reinhart, 2005; Bhalla et al., 2012; Christensen et al., 
2001b). Ammonification occurs in a two-step progression (Berge & Reinhart, 2005). Initially 
the proteins are hydrolysed either by aerobic or anaerobic bacteria producing amino acids. 
Secondly, the amino acids are fermented into ammonia nitrogen, volatile acids and CO2 as 
shown in Figure 2-8 (Berge & Reinhart, 2005). During ammonification, ammonia is dissolved 
in the leachate and can undergo different transformations such as volatilisation, sorption, 
anammox, denitrification, nitrification and others (Berge & Reinhart, 2005). As 
ammonification takes place, the pH can vary, resulting in either ammonia or ammonium. 
 
Ammonium nitrogen in water/leachate exists in two forms: NH3 (free ammonia) and NH4
+ 
(ionised ammonium) as shown in Equations 2 and 3. The balance of the equilibrium depends 
on pH and temperature. 
 
 NH4




 NH3 + H3O ↔ NH4





Figure 2-7: Potential nitrogen transformation pathways that may commonly occur in landfill. 






Figure 2-8: Ammonification process (Berge & Reinhart, 2005). 
 
2.8.1 Problems caused by nitrogen and ammonia nitrogen 
Nitrogen is a nutrient that is needed by plants for growth. However, excess nitrogen promotes 
algal bloom, hence contributing to eutrophication in the surrounding water bodies (Berge & 
Reinhart, 2005; Johannessen, 1999; van Loosdrecht, Nielsen, Lopez-Vazquez, & Brdjanovic, 
2016). Concentrations of ammonia nitrogen higher than 500 mg/L impact negatively on 
degradation processes such as the biological nitrification process in the wastewater treatment 
plant (Berge & Reinhart, 2005). This results in reduced quality of the effluents, which do not 
then meet with the discharge standards. However, the anaerobic process benefits from 
concentrations ranging between 50 mg/L to 200 mg/L in wastewater treatment. Berge and 
Reinhart (2005) reported that concentrations of ammonia ranging between 200 mg/L and 1,000 
mg/L have adverse effects on wastewater degradation processes. Moreover, other reports 
indicate that most of the effect on wastewater degradation processes is due to ammonia nitrogen 
concentrations ranging from 1,500 mg/L to 5,500 mg/L. Concentrations of ammonia above 
5,800 mg/L create a very toxic environment to some microorganisms in the wastewater process 
(Berge & Reinhart, 2005). 
 
At high pH, above pH 6.5, ammonia is increasingly in the form NH3 and is very toxic to aquatic 





+ and does not cause any adverse effect to aquatic life. However too low pH results 
in an acidic environment, also toxic to aquatic life. 
 
Ammonia plays a major role in biological oxygen demand (BOD) addition into receiving 
waters (Jorgensen, 2002; Mihelcic & Zimmerman, 2013). The process of ammonia conversion 
to nitrates through nitrification demands large quantities of dissolved oxygen. This high oxygen 
demand causes dissolved oxygen depletion from receiving water bodies. For example, the 
equation below shows oxidation of NH4
+ into nitrates where two moles of O2 are consumed for 
every mole of ammonia nitrogen oxidised. 
 
 NH4
+ + 2O2 ↔ NO3
− + 2H+ + H2O 
 
 (4) 
Most importantly, landfill leachate with high ammonia concentration has proven too 
challenging and too expensive for municipalities to manage especially during biological 
treatment in wastewater treatment plants. Because of this, the Christchurch City Council (CCC) 
treatment plant charges fees based on ammonia concentrations, as well as BOD, COD, volume 
and heavy metal concentrations, thus prompting this research. 
2.9 Ammonia treatment Methods from landfill leachate 
Landfill leachate treatment is required before discharging it to the environment. Treatment is 
probably needed to remove ammonia nitrogen, organic matter, trace metals, and xenobiotic 
organics. The treatment is beneficial to wastewater treatments plants for the effective operation 
of biological treatment (Poveda et al., 2016; Rui et al., 2012). In some areas, sewage treatment 
plants refuse to treat landfill leachate because the leachate may contain high concentrations of 
inhibitory chemicals that might interfere with the facility treatment process (Mulamoottil et al, 
1999).  
 
Treatment methods of landfill leachate are influenced by the specific composition and 
concentration of ammonia and COD. According to studies by Guoa et al. (2010) and Marañón, 
Castrillón, Fernández-Nava, Fernández-Méndez, and Fernández-Sánchez (2008a), biological 
treatments such as aerobic activated sludge and anaerobic digestion are the most popular. This 
is because they are relatively effective in treating younger leachates with a high BOD5/COD 
ratio. However, most of the treatment methods are usually limited by operational cost, 




(2003) the most ideal and common technologies for leachate treatment use the physico-
chemical method. Tsatsi et al. (2003) further regard the physico-chemical method as effective 
in treating leachate and also simple in operation, low in capital and with reduced operational 
costs. 
 
There are a number of effective physico-chemical technologies that can be used as pretreatment 
methods for landfill leachates, and focus on ammonia with processes such as air stripping, ion 
exchange, precipitation, adsorption and coagulation–flocculation. Some of the physico-
chemical methods are discussed below.  
 
2.9.1 Physico-chemical methods 
2.9.1.1 Air stripping 
This method is used in pretreatment of wastewater and landfill leachate to remove high 
concentrations of ammonia and other volatile compounds such as volatile organic compounds 
(Metcalf & Eddy, 1991; Qasim & Chiang, 1994). As shown in Figure 2-9, air or gas is blown 
from the bottom of the stripping tower while liquid or water is injected to the top of the tower 
and flows down through the packing. Ammonium hydroxide will then be formed as ammonia 
or VOCs are stripped out of the leachate into air. Equation 5 below show the conversion of 
ammonium into ammonia gas taking place in the stripping tower.  
 
 NH4
+(aq) + OH−  →  NH3(g) + H2O  (5) 
 
The efficiency of this pretreatment method depends on temperature, pH, rate of air supply, gas 
transfer rate and hydraulic loading rate (Metcalf & Eddy, 1991; Qasim & Chiang, 1994). Air 
stripping generally achieves up to 90% of ammonia and VOCs removal (Metcalf & Eddy, 1991; 
Qasim & Chiang, 1994). However, this method releases VOCs into the atmosphere, which is 
always of concern for the environment. Moreover, another major problem caused by this 
method is calcium carbonate scaling. This study did not consider air stripping as an option for 






Figure 2-9: Air stripping tower set-up (Qasim & Chiang, 1994). 
2.9.1.2 Ion exchange 
Ion exchange is a physico-chemical method used to remove toxic ions (e.g. ammonium loads) 
and heavy metals from dilute solutions using the principle of adsorption. This method involves 
the exchange of ions between an aqueous solution and a solid substance known as a resin bed 
or ion exchanger (Prajapati, Syed, & Chauhan, 2014; Qasim & Chiang, 1994). Zeolite and 
synthetic resins (silica powder) are the most common types of resins used for the removal of 
ammonium ion from wastewater (Prajapati et al., 2014). The effectiveness of zeolites in the 




Equation 6 shows the affinity potential of other cations in comparison to NH4
+ and some of 
these cations affects the removal of ammonium ions if present in landfill leachate or 
wastewater. 
 
 Cs+ > 𝑅𝑏+ > K+ > NH4






Equation 7 illustrates the equilibrium phase in ion exchange and Figure 2-10 shows when ions 
from resin meet ions from wastewater/leachate. A schematic diagram showing ammonia 




+ ↔  Aaq
+ + Br
+ … … … …  (7) 
 
 
Figure 2-10: Equilibrium phase in ion exchange 
 
However, a disadvantage of this method is the production of hardness which needs further 
treatment (Qasim & Chiang, 1994). This can be achieved by application of a primary softener 
to break down the hardness, followed by a polisher for the ammonia, which can be costly 
(Qasim & Chiang, 1994). Another problem with this method is fouling. This makes this method 







Figure 2-11: Schematic diagram showing ammonia removal from wastewater using zeolites 
(Jignasha et al. 2014) 
2.9.1.3 Coagulation–flocculation 
a. Introduction 
Coagulation–flocculation has become a popular treatment method for landfill leachate as it is 
less sensitive to fouling than other methods (Aziz, Adlan, Zahari, & Alias, 2004). Moreover, 
coagulation–flocculation has proven to be an effective treatment method for reducing COD, 
colour, heavy metals, and suspended solids, with 60% to 90% removal achievable with many 
leachates (Bashir et al., 2015; Syafalni et al., 2012). More results of these studies are presented 
in Appendix D. 
b. Coagulation 
Coagulation is a simple method commonly used to remove colloidal matter of suspended solids 
(SS), non-biodegradable organic compounds and heavy metals from landfill leachate and 
wastewater (A. Amokrane, C. Comel, & J. Veroni, 1997; Marañón, Castrillón, Fernández-
Nava, Fernández-Méndez, & Fernández-Sánchez, 2008b; Poveda et al., 2016). The method 
involves adding coagulant to wastewater or leachate, which destabilises colloidal particles of 
around 0.01 to 10 μm. Some common coagulants used in water and wastewater treatment 
include metal salts such as ferric chloride, polyaluminum chloride (PAC), ferric sulfate, 




charges that maintain colloids in suspension in the leachate are neutralised. Rapid mixing is 
also employed to facilitate particle collision hence increasing their size. Studies by Aziz et al. 
(2007) and Al-Malack (1999) explain that the degrees of destabilisation in coagulation–
flocculation depends on coagulants used.  
c. Colloids 
Coagulation and flocculation depend on the interaction of colloids (Kang, 1994). The very 
important characteristics of colloids is their small volume and a large surface area, which are 
key to the coagulation–flocculation process (Kang, 1994). The colloids are of two types – 
hydrophilic and hydrophobic. Hydrophilic colloids are unstable, and destabilises easily (Kang, 
1994). These include clay and nonhydrated metal oxides. Conversely, hydrophobic solids are 
stable and form colloidal solutions that are not easily destabilised when mixed with water. An 
example of these is soap (Koohestanian, Hosseini, & Abbasian, 2008). The colloidal particle 
stability is indicated by zeta potential (Zp) magnitude. The zeta potential is the charge of the 
colloid (Yu, 1999). A high Zp indicates a very stable colloid in suspension due to much greater 
repulsive forces between the particles, whereas unstable colloids are indicated by a lower Zp 
where particles do aggregate (Koohestanian et al., 2008). Moreover, Zp is a very useful 
character to control the coagulation process. The Zp changes in colloids hence influencing the 
repulsive force between particles. 
 
As shown in Figure 2-12, the surface potential of colloids is also an important characteristic of 
coagulation and flocculation. The concentration of ions in the solution influences the 
relationship between surface potential and zeta potential. Figure 2-12(a) shows a preferred 
relationship between Zp and surface potential due to a larger double layer in fresh water. While 
in saline water, the relationship is not that preferred due to a compressed double layer, as shown 
in Figure 2-12(b). Colloids particles are stable in wastewater because of their surface charge, 
and to destabilise them a coagulant such as a metallic salt is needed to remove these hydrophilic 
colloids. Hence this study investigated ferric chloride and alum as coagulants to destabilise the 





Figure 2-12: Zeta potential in (a) fresh water and saline water (b). (Adapted from 
Koohestanian et al., 2008). 
 
d. Effect of particles size and charge on coagulation (electrokinetic connection). 
The ability of a coagulant to coagulate depends on its particle size and charge (Kang, 1994). 
Colloids of particle size ranging from 0.01–10 μm easily settle during coagulation. However, 
colloids of smaller size (lower than 0.01 μm) present difficulties in settling, and hence affect 
the coagulation process (Koohestanian et al., 2008; Ravina, 1993; Yu, 1999). Figure 2-13 
shows typical sizes of the various particles in water requiring treatment. The smaller particles 
tend to settle slowly, and hence are likely to be sampled with the decanting liquid. Moreover, 
the behaviour of colloid particles in solution are influenced by their electrokinetic charge 
(Koohestanian et al., 2008; Ravina, 1993; Yu, 1999). Colloid particles carry a negative charge 
and a group of them with like charges in a solution repel each other, preventing agglomeration 
(Figure 2-14). As the charge is reduced or removed, however, the particles will bond together 
by forming small groups and increase into visible floc particles that will settle, as illustrated in 

















Figure 2-15: Uncharged particles colliding. (Adapted from Ravina, 1993) 
 
e. Double layer model  
To illustrate how electrical attraction and repulsion occurs between charged particles in an ionic 
environment as shown in Figure 2-14 and Figure 2-15, a double layer model can be used. For 
example, if there are counter-ions (positive ions) in a solution, the negative particles will attract 
the counter-ions to attach themselves around the particle surface and form a stern layer as 
shown in Figure 2-16. As more positive ions approach the negative colloid they will now be 
repelled by the stern layer around the negative colloid particle and other nearby positive ions, 
resulting in an equilibrium state (Koohestanian et al., 2008; Ravina, 1993; Yu, 1999). 
 
Equilibrium state is the result of a concentration of positive ions in the solution due to repulsion 
forces. As the concentration of positive ions increase around the particle, they reach 
equilibrium. Likewise, if there are co-ions (negative ions) in the solution they will be repelled 
by a negative colloid particle, hence increasing their concentration. This will also result in them 






Figure 2-16: Double layer illustration model. (Adapted from Ravina, 1993) 
 
f. Coagulation tools – destabilisation process 
Coagulation and flocculation are known to be caused by either double layer compression, 
charge neutralisation, bridging or colloid entrapment (Ravina, 1993; Yu, 1999). Double layer 
compression involves dosing the wastewater with a coagulant (metal salt) resulting in a metal 
hydroxide precipitation (Ravina, 1993; Yu, 1999). Precipitation is key in the coagulation 
process, because it is a way of converting soluble substances into solid form. If coagulants 
(ferric chloride and alum) are used, then the metal hydroxide precipitates will be Fe(OH)3 and 
Al(OH)3 respectively. These precipitates will settle and carry colloidal particles down with 
them. 
 
During the charge neutralisation, positively charged coagulants in the wastewater will be 
adsorbed on the surface of the colloid. The negative charge from the colloidal contained in the 
wastewater and the positive charged coagulants will neutralise, yielding a net zero charge. 
Neutralisation is very important in optimising treatment and facilitates the settling of particles 
(Ravina, 1993; Yu, 1999). However, neutralisation does not form flocs visible to the naked 
eye. To monitor and control the charge neutralisation, a zeta potential measurement can be 
used, as mentioned earlier. The zeta potential measurement is important to control effects such 
as overdosing, which can affect the charge of the colloid and the van der Waals attraction, so 




The last process that takes place in coagulation is bridging. It occurs when a thread or fibres 
from a coagulant are attached to numerous colloids in wastewater, binding them together, as 
shown in Figure 2-17 (Ravina, 1993; Yu, 1999). Together they are called a floc, which is the 
next process discussed under flocculation. Normally this takes place when the surface charge 
is almost zero (charge neutralisation). The effectiveness of bridging depends on the molecular 
weights of coagulants (Ravina, 1993; Yu, 1999). The higher the molecular weight, the longer 
the molecules, and hence highly effective bridging occurs. 
 
 
Figure 2-17: Coagulant fibres attached to numerous colloids (Adapted from Ravina, 1993) 
 
g. Flocculation 
Following coagulation is a second process called flocculation. When particles have been 
destabilised due to the coagulation process, they collide and come together under hydraulic 
shear forces (Karadag et al., 2008). This results in agglomeration of colloid particles and 
bridging to form microflocs. With the slow mixing that takes place in the flocculation process, 
the microflocs increase in size to form visible masses of flocs called pinflocs. As more 
collisions take place due to the interaction with inorganic polymers from the coagulant or with 
the addition of organic polymers, more pinflocs continue to build. This results in formation of 
macroflocs (Karadag et al., 2008). With the addition of high-molecular-weight polymers, 
processes such as bridging, binding of molecules and floc strengthening are facilitated. These 
cause floc to reach their optimum strength and size (gain weight), resulting in settling. 






Figure 2-18: Schematic of the flocculation process. (Karadag et al., 2008) 
 
Flocculation has two stages: perikinetic flocculation and orthokinetic flocculation (Bratby, 
1980). The first, perikinetic flocculation stage, also known as Brownian movement (thermal 
agitation), begins immediately after the destabilisation process. This stage normally happens 
just for a few seconds since after this the floc sizes are greater than the Brownian motion range 
therefore, can be little or not affected (Bratby, 1980). Brownian motion is key for collisions of 
particles smaller than  0.1 μm provided there is complete destabilisation of particles, and also 
the particles are not too large and so outside the Brownian motion range (Bratby, 1980). 
 
The second stage, orthokinetic flocculation, is caused by induced velocity gradients in the fluid 
due to mixing (Bratby, 1980). Induced velocity gradients are introduced by setting the fluid in 
motion and this could be by mechanical agitation within a flocculation reactor. The velocity 
gradients are important because they provide opportunity for contact between particles, hence, 
cause settling. The rapid settling of particles by gravitational force in this stage also cause 
particles that are smaller and with slower settling velocities to be carried along. Orthokinetic 






As mentioned before, coagulants are needed to destabilise the surface charge of the wastewater 
stable colloid particles (hydrophilic colloids) in landfill leachate and possibly remove ammonia 
nitrogen. The two common types of coagulants used are mineral (inorganic) coagulants and 
organic coagulants. The mineral coagulants are mainly metal salts and those commonly used 
are based on iron and aluminium (Bratby, 1980). They include but are not limited to the 
following: 
 ferric chloride (FeCl3)  
 ferric sulfate ((Fe2(SO4)3.8H2O)  
 ferrous sulfate (FeSO4.7H2O)  
 alum (Al2(SO4)3.4H2O)  
 aluminium chloride (AlCl3.6H2O)  
 sodium aluminate (NaAlO2)  
 Polyaluminium chloride PAC 
 Lime Ca(OH)2 
 
According to most studies, aluminum sulfate is the most efficient and commonly used 
coagulant in potable water while iron salts are the most efficient and commonly used in treating 
wastewaters. Different research papers, such as of Amokrane et al. (1997), Poveda et al. (2016), 
Tsatsi et al. (2003) and Renou et al. (2008) have demonstrated that iron salts are better 
coagulants than aluminium salts in treating wastewater and leachate. Their studies produced 
better removal of colour, COD, turbidity and suspended solids with ferric chloride than with 
alum. Appendix D provides an overview of studies that have examined the removal of COD, 
colour, turbidity and suspended solids from landfill leachate using coagulation–flocculation. 
Moreover, according to some studies, ferric chloride has also been increasingly and efficiently 
used in treating potable water. The mineral (inorganic) coagulants are highly charged and when 
added to water or wastewater they neutralise the colloidal particles. The metal salts listed above 
possess a cationic charge brought by the metallic ions (Fe3+ or Al3+). These metallic ions when 
added to water or wastewater will result in the formation of iron hydroxides or aluminium 
hydroxides. These inorganic hydroxides produce short polymer chains that enhance the 
formation of microfloc (Kang, 1994). The cations’ multivalent characteristics and insolubility 
strongly attract them to charged colloid particles in water and wastewater, resulting in 




importantly, they are effective in the removal of a wide range of contaminants in water and 
wastewater. Moreover, during the coagulation process, as the large volumes of floc produced 
by inorganic coagulants settle, they are likely to trap some bacteria with them. In view of this, 
it is necessary to dispose of the settled flocs in an environmentally suitable way. Typical 






















Table 2-6 present some of the inorganic coagulants used in the treatment of wastewater 
including their molecular weights and form. This study chose to investigate ferric chloride and 
alum metal coagulants because of the following characteristics: 





 low cost 
 capacity to produce multi-charged polynuclear structures in solution with enhanced 
adsorption characteristics. 
 
Organic coagulants are characterised by long-chained and high-molecular-weight molecules 
(Bratby, 1980). There are four main groups or families of organic coagulant: polyDADMAC, 
polyamines, melamine-formaldehyde resins and dicyandiamide resins (Kay-Shoemake, 
Watwood, Lentz, & Sojka, 1998). PolyDADMAC and polyamines are the most used families 
of organic coagulants and function only by charge neutralisation. They are very effective in 
treating raw water with high turbidity (>20 NTU) and wastewater. Melamine-formaldehyde 
resins and dicyandiamide resins function by sweep floc mechanisms similar to most of the 
inorganic coagulants and are very effective in adsorption of organic (oil and grease) materials 
(Kang, 1994). However, they are very expensive to use as a coagulant. Organic coagulants are 
usually added in low dosages in coagulation, and often produce low volumes of sludge. 
 
Table 2-6: Common Inorganic Coagulants Used in Wastewater Treatment. (Adapted from 
Metcalf and Eddy 1991). 
 
 
i. Polyelectrolytes (Coagulant aids) 
This study also investigated the use of some polyelectrolytes in trying to facilitate floc 
formation and optimise ammonia nitrogen removal. Polyelectrolytes or polymers play a 
different role from metal salts (Bratby, 1980). Polymers serve as aids to coagulants; 
polyelectrolytes, however, have the ability to destabilise colloids in water or wastewater but 
their primary role is to enhance flocculation by aiding coagulants (Bratby, 1980). 
Polyelectrolytes are either synthetic or natural, and consist of series of repeating chemical units 




homopolymer, copolymer or monomer. Homopolymer consist of repeating units of the same 
structure. Multirepeating chemical units refer to copolymers while monomers refers to 
individual repeating chemical units. 
 
Polyelectrolytes have become popular in coagulation–flocculation processes, are known to be 
nontoxic, are used and effective in low dosages, and are easy to handle (Bratby, 1980; Yu, 
1999). Their importance in the coagulation–flocculation process entails but is not limited to the 
following: 
 
 reducing volumes of sludge generated by coagulation–flocculation 
 aiding sludge digestion by microorganisms 
 improving the sludge-dewatering process 
 minimising chemical residuals in treated waters 
 reducing the need for additional alkalinity for final pH control, and effective over a 
wide range of pH. 
 
Polyelectrolytes are classified by molecular weight, form, charge or charge density (Bratby, 
1980; Yu, 1999). The molecular weight of the polyelectrolytes refers to the sum of individual 
monomer’s molecular weights. Polymer charge density (mole %) refers to the amount of 
electric charge concentration on a polymer chain. There is also the degree of polymerisation, 
which refers to the total number of monomer units. Anionic (negatively charged) 
polyelectrolytes are commonly used with metal coagulants. While cationic (positively charged) 
polyelectrolytes can be used as a coagulant, or with iron and aluminium based coagulants to 
attach to colloidal particles and for charge neutralisation. Categories of polymers are presented 













Table 2-7: Categories of Polymers 
Characteristics Classification 
Molecular weight  Low                1 -3 millions 
Medium          3 – 6 millions 
Standard         6 – 10 millions 
High               10 – 15 millions 
Very high       > 15 millions 
Charge Cationic          +ve charged 
Anionic           -ve charged 
Non-ionic        no charge 
Charge Density 
 
Low                 1–10% 
Medium           10–40% 
High                40–80% 






Note. Copyright 1980 by John Bratby.  
 
The advantages of polymers are that they can be used at low doses, do not increase alkalinity, 
are toxic free, and produce lower volumes of sludge, as mentioned earlier (Bratby, 1980; Yu, 
1999). Their disadvantage is that they can be very much more expensive than inorganic 
coagulants. For this study three cationic polyelectrolytes were investigated in ammonia 
nitrogen removal via coagulation–flocculation. These are Magnesol 598, Crystalfloc and 
Magnafloc LT 7991. These polyelectrolytes are discussed in detail in Chapter 4 of this study. 
 
j. Factors affecting coagulation–flocculation 
 
pH 
During coagulation, the metal salt coagulants used dissociate in solution and release ions that 
are responsible for the coagulation process (Kang, 1994). These ions produced by the coagulant 
are vastly dependent on the pH of the sample (wastewater/leachate). The coagulation process 
can be affected by changing the sample (wastewater/leachate) pH values. This is likely to cause 
the formation of fewer of the necessary ions in the sample. For example, the coagulation 




re-dispersion of coagulated particles (Kang, 1994). The size of flocs formed is also affected by 
pH, affecting its ability to settle or the settling rate. Most of the iron salts and aluminium salts 
are more effective at pH range 4.5 to 5.5 and 5.5 to 6.3 respectively. The sample pH values can 
be adjusted with alkalinity or acids. This study also investigated some of these pH values in 
optimising pollutant removal. 
 
Temperature 
Temperature also affects the efficiency of coagulation–flocculation. Low temperature are said 
to affect the mechanism of flocculation in water treatment plants, so decreasing the removal 
efficiency of turbidity in water treatment plants (Kang, 1994). Kang (1994) highlighted that 
varying the sample temperature could possibly affect the coagulation–flocculation kinetics. 
Examples given by Kang (1994) that could be affected by varying the sample temperature 
include the following: 
 
1. The sample density and viscosity could be affected, hence reducing the strength of the 
colloidal matter. Colloidal matter requires strength during the coagulation stage for 
collision and transport. 
2. Varying the sample temperature could possibly change the surface charges of the 
colloidal matter, hence tamper with charge neutralisation. 
3. The rate and distribution of hydrolysis species of metal coagulant could also be 
affected. 
4. The product (hydrolysis species) ion could also be changed by varying the sample 
temperature, hence changing the solution’s pH.  
 
2.9.1.4 Adsorption 
Adsorption involves adsorbents with high internal surface area binding themselves with 
molecules in aqueous solution. An adsorbent refers to the solid constituent that provides the 
surface for adsorption, whereas adsorbate refers to the species being adsorbed (Worch, 2012). 
Figure 2-19 shows the basic terms used in adsorption theory. Adsorbents used for wastewater 
treatment may be of natural origin or industrially produced (engineered adsorbents). Typical 
adsorbents of natural origin that have been used in the removal of contaminants from aqueous 
systems include natural zeolites, clay minerals and biopolymers. The industrially produced 
adsorbents include activated carbon, chitosan, activated alumina, and silica gel. Moreover, 




minerals are employed and are effective in the treatment of inorganic ions and highly polar 
organic ions through adsorption. 
 
 
Figure 2-19: Adsorption’s basic terminology presentation (Worch, 2012). 
 
a. Adsorbents selectivity 
The fundamental concern of the adsorption technique is to select an ideal adsorbent for the 
treatment and this depends on the adsorption equilibrium or adsorption kinetics (Ruthven, 
1981). Most adsorption processes, however, are said to depend on equilibrium selectivity for 
the ideal adsorbents based on the separation factor (Ruthven, 1981). The separation factor 
measures the ease with which the adsorbate is separated from the solution, and the higher the 














αAB = separation factor 
XA and YA = substance A mole fraction in adsorbed and fluid phases at equilibrium. 
 
b. Adsorbents  
Despite high cost the industrially produced (engineered) adsorbents are said to achieve higher 
adsorptive capacities compared with the natural origin adsorbents (Ruthven, 1981; Worch, 
2012). This is because the engineered adsorbents are produced with high quality control and 
have constant properties, while the properties of the natural origin adsorbents always exhibit 




the low-cost element of the natural origin adsorbents that draws the attention of scientists in 
employing the adsorption method as a treatment for wastewater and leachate. Some of the 
adsorbents and their applications are discussed below. 
 
Zeolites 
Zeolites are porous, crystalline aluminosilicates consisting of SiO4 and AlO4 tetrahedra groups 
connected together by oxygen atoms (Ruthven, 1981; Worch, 2012). Zeolites can be natural or 
synthetic. The general chemical composition of zeolite is written as 
Mx/n[O.Al2O3.nSiO2)].xH2O. Zeolites are mostly derived from silicates and carry a negative 
charge due to high number of Si (4) valence electrons (Worch, 2012). According to Ruthven 
(1981), there are about 38 identified frameworks of zeolite, which include both the natural and 
synthetic forms. There are different classes of zeolites (A, X, and Y) and each class depends 
on the molar  Si/Al ratio (modulus n) (Worch, 2012). For example, zeolite A has modulus n of 
1.5 to 2.5, zeolite X has n values between 2.2 and 3.0, and zeolite Y has modulus n of 3.0 to 
6.0. These classes of zeolites are known to be hydrophilic, which means they are effective in 
ion exchange processes other than adsorption of neutral organic elements. According to Worch 
(2012), the hydrophilic character of zeolites depends on the modulus n: the hydrophilicity 
increases with increasing n. Zeolites with n value greater than 10 are said to be hydrophobic. 
It is this hydration property that makes zeolites very affinitive to NH4
+ (Nguyen & Tanner, 
1998). 
 
As mentioned, the Si/Al ratio results in replacement of Si4+ by Al3+ causing the zeolite 
framework to possess an overall negative charge which requires balancing by exchangeable 
cations (Nguyen & Tanner, 1998). Greater substitution results in higher negative charge and 
therefore a greater number of cations is required to balance the negative charge. These 
exchangeable cations include Cs+, K+, NH4
+, Na+, Mg2+ and Ca2+ (Worch, 2012). The ability 
to exchange cations is also a fundamental property of zeolite used in adsorption applications, 
ionic exchange applications and ionic sieving. In addition, there are other vital properties that 
makes zeolite effective in ionic exchange and adsorption applications. These include high 
internal surface area, high porosity, low density and crystal stability (Nguyen & Tanner, 1998; 
Ruthven, 1981; Worch, 2012). 
 
There are a number of natural zeolites, including modernite, clinoptilolite, erionite, chabazite 




water and wastewater purification for removal of metals (iron, lead, manganese and nickel). 
They have also been found useful in improving agricultural land (Inglezakis, Vassilis, Zorpas, 
& Antonis, 2012). Therefore, this study investigated a natural New Zealand zeolite to check 
the best likely adsorption performance to use with local soils. 
 
Other natural adsorbents 
Other natural adsorbents that are low cost include: clays, peat, wood, coal and chitosan (Worch, 
2012). Among the listed natural adsorbents, clays are highly regarded for adsorption due to 
their clay mineral property. According to Worch (2012), the clay mineral possesses a large 
negative charge that requires a large number of cations to balance the negative charge. This 
allows the clays to adsorb more positively charged ions from the cations such as Zn2+, Cu2+, 
K+, NH4
+, Mg2+ and Ca2+. This high adsorption capacity characteristic makes clay a more 
effective adsorbent than others. Equation 13 shows a typical clay adsorption process. 
 
 ClayNa + NH4
+ ↔ ClayNH4 + Na
+  (13) 
Equation 13 shows how the clay minerals bond with the ammonium ion by substituting the 
sodium ion. Clays have been used worldwide in removing heavy metals and dyes from 
industrial and textile wastewater respectively (Worch, 2012). Therefore, in view of the 
effectiveness and low cost of clays, this study investigated four different clay-containing local 
soils for the potential removal of NH4
+ from landfill leachate. These soils include: type A, type 
B, type C (from water supply dam) and type D (from silt dam). More details about these soils 
are in Chapter 5. 
 
c. Cation exchange capacity (CEC) 
The effectiveness of the adsorption process for soils is commonly measured as its cation 
exchange capacity of the soils. Cation exchange capacity (CEC) can be explained as the amount 
of cations that a soil can adsorb to balance its net negative charge particles (Daniel, Hinrich, & 
George, 2015). It is expressed as meq/100 g (milli-equivalents per 100 grams) of soil, and 
depends on pH and ionic strength (Robertson, Coleman, Bledsoe, & Sollins, 1999). The higher 
the clay mineral content, the higher the CEC and likewise the lower the clay mineral content 
(sandy soils) the lower the CEC. Moreover, water holding capacity for soils with high CEC is 




cation exchange reaction. The cation exchange capacity of different zeolites and other soil 
types are presented in Table 2-8 and Table 2-9. Zeolite soils with low Si/Al ratio present high 
CEC (chabazite, zeolite A, X, and Y) as shown in Table 2-8 while clays and humus soils exhibit 
high CEC as shown in Table 2-9.  
 
Table 2-8: Different Zeolites and Their Cation Exchange Capacity. Adapted from (Ralph, 
2003). 
Zeolite Si/Al ratio Meq/g (anhydrous) 
Chabazite 2.0 5.0 
Mordenite 5.0 2.6 
Erionite 3.0 3.8 
Clinoptilolite 4.5 2.6 
Zeolite A 1.0 7.0 
Zeolite X 1.25 6.4 
Zeolite Y 2.0 5.0 
Note. Retrieved from Adsorbents: Fundamentals and applications book. Copyright 2003 by 





Table 2-9: Different Soils and Their Cation Exchange Capacity. Adapted from (Donahue, 
Miller, & Shickluna, 1977). 
Soil CEC meq/100 g 
Sands 1–5 
Fine sandy loams 5–10 
Loams and silt loams 5–15 
Clay loams 15–30 





Vermiculite (similar to illite) 80–150 
Humus 100–300 
Note. Retrieved from An Introduction to Soils and plant growth book. Copyright 1977 by 
Donahue and Miller. Reprinted by permission. 
 
d. Adsorption types 
There are two types: physical and chemical adsorption (Ruthven, 1981; Worch, 2012). Physical 
adsorption occurs when there are weak van der Waals forces of attraction between the 
adsorbent and adsorbate forming a weak bond between the two (Ruthven, 1981; Worch, 2012). 
In contrast, chemical absorption occurs when there is a chemical bond between the adsorbent 
and adsorbate (Ruthven, 1981; Worch, 2012). 
 
e. Factors affecting adsorption rate 
Several factors influence adsorption by a solid, such as surface area, nature of adsorbent and 
adsorbate, pH of the solution, distribution of adsorbent pore size, temperature and mixed 
solutes (Ruthven, 1981; Worch, 2012). Some of these factors are discussed below. 
 
External and internal surface area: According to Worch (2012) surface area influences 
adsorption in two ways (external and internal surface area). During adsorption, the external 
surface area influences the mass transfer rate. The smaller the external surface area, the lower 




adsorbent, however, is the one that provides its adsorption capacity (Worch, 2012). This 
parameter (internal surface area) is said to be the most important parameter of the adsorbent: 
the higher the internal surface area of the adsorbent, the greater the adsorption capacity (Worch, 
2012). In the main, the internal surface area of the engineered adsorbents exceeds their external 
surface area, which is a fundamental characteristic that makes them good adsorbents. Table 
2-10 shows a typical range of internal surface area for different adsorbents. 
 
Table 2-10: Different Adsorbents and Typical Ranges of Internal Surface Area (Worch & 
Eckhard, 2012) 
Adsorbents 
Range of Internal surface area 
(m2/g) 
Activated carbons 600–1,200 
Polymeric adsorbents 300–1,400 
Aluminium oxides 150–350 
Granular ferric hydroxides 150–350 
Zeolites 400–900 
Note. Retrieved from Adsorption Technology in Water Treatment: Fundamentals book. 
Copyright 2012 by Eckhard Worch. 
 
Distribution of pore size: There are three types of pore size distributions that can be used to 
differentiate adsorbents: micropores, mesopores and macropores as shown  Table 2-11 (Worch, 
2012). According to Worch (2012) mesopores and macropores influence the rate of mass 
transfer of the adsorbate particles, while the volume influences the adsorbent’s internal surface 
area hence the capacity of the adsorbent (Worch, 2012). 
 
Table 2-11: Categories of Pores (adapted from Worch, 2012) 
Pore class 
Range of pore radius  
(nm) 
Micropores  < 1.0 
Mesopores 1–25 







Adsorption is influenced greatly by the pH of the adsorbate because of the hydroxide and 
hydrogen ions that are attached (Worch, 2012). The hydroxide and hydrogen ions in the 
solution tend to compete with other ions during the adsorption process, hence lowering the 
adsorption capacity. If the pH of the solution is low it affects the distribution of the ions hence 
greatly affects the adsorption equilibria (Worch, 2012). 
 
Temperature 
The effects of temperature are not really significant in the range (10 to 30°C) of most 
environmental conditions (Worch, 2012). 
 
f. Adsorption equilibria 
Adsorption equilibrium is used to assess the effectiveness of the adsorption processes and 
adsorber design (Ruthven, 1981). To assess the adsorption system, and hence the performance 
of the adsorbent, equilibrium models (adsorption isotherms) are used. These adsorption 
isotherms include linear, Freundlich and Langmuir isotherm equations and this study utilised 
the linear isotherm. 
 
The linear isotherm is also referred to as Henry’s Law and is the simplest adsorption isotherm 
in which the fluid and adsorbed phase concentrations have a linear equilibrium relationship 
(Ruthven, 1981). Most practical isotherms use the linear isotherm to describe their initial parts. 
The Henry’s Law utilises the adsorption equilibrium constant known as Henry’s constant 
which is expressed as concentration or pressure. 
 q = 𝐾𝑐  (14) 
where: 
q = amount of adsorbate adsorbed per unit adsorbent  
c = residual solute concentration 
K = Henry’s adsorption constant 
 












2.9.2 Biological nitrification removal 
a. Introduction 
There are different ways nitrogen (in the form of ammonia nitrogen) can be removed from 
wastewaters: physico-chemical and biological methods. These methods can be used 
individually or in combination. Moreover, the removal of ammonia nitrogen from wastewater 
depends on the characteristics of the wastewater (van Loosdrecht et al., 2016). For example, 
wastewater with concentrations of ammonium higher than 5 g N L-1 are treated by preference 
with physico-chemical methods, while biological methods are preferred for ammonium 
concentrations lower than 100 mg N L-1. With the biological methods, the COD/N ratio of the 
wastewater is often used to determine the appropriate biological method to be employed (van 
Loosdrecht et al., 2016). For example, for wastewater with COD/N ratio less than 5 g COD g 
N-1, nitrification-anammox or nitrite routes are used to lower ammonia nitrogen to satisfactory 
levels; for wastewater with COD/N ratio between 5 and 20 g COD g N-1 a combination of 
nitrification, microbial growth nitrogen assimilation and heterotrophic denitrification is used; 
for wastewater with COD/N ratio greater than 20 g COD gN-1, nitrogen assimilation of 
heterotrophic bacteria for biomass synthesis during COD (organic matter) removal is used to 
lower the ammonia nitrogen to satisfactory levels. 
 
This study investigated the potential of removing ammonia nitrogen from landfill through 




Nitrification is a biological process whereby ammonium is converted to nitrate by a specialised 
group of aerobic bacteria (Mihelcic & Zimmerman, 2013; van Loosdrecht et al., 2016). This 
method is divided into two processes. The first process involves the conversion of ammonia 
and ammonium to nitrite by a group of bacteria called Nitrosomonas. This nitrification process 
is shown by a catabolic macro-chemical reaction shown in Equation 16. The second stage 
involves the oxidation of nitrite to produce nitrate through another group of bacteria called 
Nitrobacter as shown in Equation 17. These groups of bacteria derive their carbon source from 
inorganic carbon for synthesis of organic molecules and their energy from ammonia and 
nitrogen sources (van Loosdrecht et al., 2016). Moreover, these groups of bacteria (nitrifies) 




oxygen of 0.5 mg/L or more (Mihelcic & Zimmerman, 2013). According to Mihelcic and 
Zimmerman (2013) and van Loosdrecht et al. (2016), dissolved oxygen values lower than 0.5 
mg/L will inhibit the growth rate of nitrifiers. 
 
 NH4
+ + OH− + 1.5𝑂2 → 𝑁𝑂2
− + 𝐻+ + 2H2O  (16) 
 NO2
− + 0.5𝑂2 → 𝑁𝑂3
−  (17) 
Other requirements necessary for the nitrification process include: 
 retention time that is long 
 enough food to microorganism 
 high residence time 
 adequate buffering (alkalinity between 50 to 100 mg/L) 
 pH near 7.0 
 temperature between 10 and 35oC 
 
c. Nitrification inhibitors 
Acid is produced during the nitrification process, which then lowers the biological population’s 
pH (van Loosdrecht et al., 2016). This low pH tends to inhibit the nitrification process. 
According to van Loosdrecht et al. (2016) the nitrifiers (bacteria) thrive at pH values between 
7.5 and 8.5 but nitrification process stops at pH below 6.0. However, the nitrification process 
does take place effectively at pH values between 6.5 and 7.0 in most treatment plants. 
Moreover, levels of free ammonia are increased by high pH (> 8.5) and temperature (> 40oC) 
of the biological population, which lead to nitrification inhibition (Yusof et al., 2010). There 
are other inhibitors to nitrification that are toxic to Nitrosomonas and Nitrobacter, such as 
heavy metals (mercury, silver, nickel, copper, chromium and zinc), phenol, thiourea and 
cyanide (van Loosdrecht et al., 2016). In addition, high concentration of free ammonia and 






2.10 Previous studies of ammonia nitrogen removal by coagulation–
flocculation 
According to previous studies it is evident that removal of ammonia nitrogen by coagulation–
flocculation has been less well studied and also proven very challenging. This is because most 
nitrogen in leachate is not in the form of colloids; therefore, the potential to remove the 
ammonia nitrogen by coagulation–flocculation is not as high. The few studies that have 
examined ammonia nitrogen removal by coagulation–flocculation are presented below. 
2.10.1 Coagulation–flocculation in leachate treatment by using ferric chloride and alum 
as coagulant by Rui et al. (2012) 
Rui et al. (2012) conducted a study using the coagulation–flocculation method in treating a 
stabilised landfill leachate using ferric chloride (FeCl3) and aluminium sulfate (alum). Their 
study examined the coagulants used and compared the results with respect to ammonia 
nitrogen, suspended, COD and colour removals. The leachates used were sampled from Pasir 
Gudang sanitary landfill in Malaysia and had high ammonia nitrogen concentrations in the 
range of 1,350 mg/L to 2,150 mg/L. The average concentrations of COD and BOD5 were 2,305 
mg/L and 131.5 mg/L respectively with a BOD5/COD ratio of about 0.05. This was an old or 
stabilised leachate with high pH values of greater than 7.5. A conventional jar test experiment 
was employed in trying to optimise variables such as pH, coagulant dose, rapid and slow 
mixing and settling time. Optimisation was based on the maximum percentage removal of the 
leachate constituents and determined after coagulation–flocculation. The results are presented 
below. 
 
The effect of rapid speed and rapid mixing time on the treatment was analysed for both ferric 
chloride and alum. The mixing speed and mixing time varied from 70 to 300 rpm and 1 to 6 
minutes respectively while the settling time was kept constant at 30 minutes. The results of 
both the coagulants are presented in Figure 2-20 and Figure 2-21. Figure 2-20 shows the effects 
of different speed and duration on ferric chloride and alum coagulants with respect to the 
removal of ammoniacal nitrogen, COD, colour and SS. The rapid mixing time (3 minutes) and 
speed (150 rpm) achieved maximum ammoniacal nitrogen percentages removals of 22% and 
26% respectively. While alum (Figure 2-21) achieved the maximum ammoniac nitrogen 





The effect of pH on each coagulant was also examined. Figure 2-22 show the effects of pH on 
each coagulant with respect to the removal of ammonia nitrogen, COD, colour and SS. The 
maximum ammonia nitrogen percentages removal of 26% was achieved with ferric chloride at 
pH 7, as shown in Figure 2-22 (a). Alum, however, achieved a maximum of 14% of 
ammoniacal nitrogen at pH 7, as shown in Figure 2-22 (b). Moreover, still at pH 7, ferric 
chloride achieved higher removals of COD (28%), colour (82%) and SS (92%) while alum 
removed 33% COD, 78% colour and 68% SS. 
 
The effect of coagulant dose was also examined for each coagulant. Figure 2-23(a) shows that 
ferric chloride achieved a maximum ammonia nitrogen percentage removal of 26% at a dose 
of 3,500 mg/L, while alum Figure 2-23(b) achieved maximum ammonia nitrogen percentages 







Figure 2-20: Effect of mixing speed and mixing time with ferric chloride. (a) Rapid mixing time varied from 1 to 6 minutes with ferric chloride. 
(b) Rapid mixing speed varied from 70 to 300 rpm with ferric chloride. Adapted from Rui et al. (2012).
 
Figure 2-21: Effect of mixing speed and mixing time with alum. (a) Rapid mixing time varied from 1 to 6 minutes with ferric chloride. (b) Rapid 








Figure 2-22: Effect of pH on treatment. (a) Pollutants percentage removals with ferric chloride. 
(b) Pollutants percentage removals with alum. Adapted from Rui et al. (2012). 
 
 
Figure 2-23: Effect of coagulant dose on treatment. (a) Pollutants percentage removals with 
ferric chloride. (b) Pollutants percentage removals with alum. Adapted from Rui et al. (2012). 
 
Rui et al. (2012) achieved a maximum ammonia nitrogen percentages removal of 26% with 
ferric chloride at a dose of 3,500 mg/L and at pH 7. However, the study did not remove 
ammonia nitrogen effectively, compared with the removal of COD, colour and SS. This could 
be because most nitrogen in leachate is not in the form of colloids in contrast to other pollutants, 
hence the potential to remove ammonia by flocculation is not as high. Moreover, optimisation 





2.10.2  Treatment of landfill leachate by using lateritic soil as a natural coagulant 
Syafalni et al. (2012) conducted a study using coagulation–flocculation to treat a stabilised 
landfill leachate using lateritic (iron-rich) soil and aluminium sulfate (alum). The research 
examined the coagulants used and compared the results with respect to ammoniacal nitrogen, 
SS, COD and colour removals. The leachate used was sampled from Byram Forest Reserve 
Area in Malaysia. This had very high concentrations of COD and ammoniacal nitrogen of about 
3,500 mg/L and 2,040 mg/L respectively, as shown in Table 2-12. The lateritic soil used was 
from a topsoil layer with high carbon and iron contents of 5.94% and 6.44% respectively. A 
conventional jar test experiment was employed in this study. Rapid and slow mixing and 
settling time were kept constant. 
 
Table 2-12: Penang Landfill Leachate Characteristics (Syafalni et al., 2012). 
 
 
The maximum ammonia nitrogen percentages removal of 47.6% was achieved with alum at 
optimal pH 4.8 and an alum dose of 10,000 mg/L, while lateritic soil achieved a maximum of 
41.2% of ammonia nitrogen at pH 2.0 and soil dose of 14,000 mg/L. These experiments were 
conducted at very low pH (4.8 and 2.0) conditions which is very impractical and challenging. 







2.10.3 Nutrient removal and sludge production in the coagulation–flocculation process  
Aguilar, Sáez, Lloréns, Soler, and Ortuño (2002) conducted a study using a coagulation–
flocculation process in the removal of nutrients from slaughterhouse wastewater. The 
coagulants used in this study were ferric sulfate, aluminium sulfate and polyaluminum chloride. 
In addition, various coagulant aids (inorganic and synthetic polyelectrolytes) were coupled 
with coagulants in order to achieve maximum treatment. The coagulant aids used included 
powdered activated carbon, activated silica, precipitated calcium carbonate, cationic 
polyacrylamide, polyvinyl alcohol, anionic polyacrylamide and polyacrylic acid. The 
slaughterhouse wastewater used in this study had a 22.1 mg/L average concentration of 
ammonia nitrogen. In addition, the average concentrations of Total Kjeldahl Nitrogen (TKN), 
albuminoid nitrogen, COD and BOD5 was measured to be 71.7 mg/L, 56.9 mg/L, 5,398 mg/L 
and 2,763 mg/L respectively. A conventional jar test experiment was employed in this study 
and the supernatant was analysed for ammonia nitrogen, TKN and albuminoid nitrogen. 
 
The dose and optimal pH values for each coagulant were as follows: ferric sulfate was 500 mg 
Fe3+/L and pH 7.0, aluminium sulfate was 600 mg Al3+/L and pH 5.0, and polyaluminum 
chloride was 857 mg Al3+/L and pH 6.0–7.0. The doses of the coagulant aids were variable. 
The ammonia nitrogen reductions achieved by this study with all the coagulants and coagulants 
aids was less than 17%. The TKN reductions varied from 50% to 70% with various coagulant 
aids, while the reductions of albuminoid nitrogen were high (74% to 83%). 
 
The research by Aguilar et al. (2002) did not effectively remove ammonia nitrogen, achieving 
reductions of less than 17% with various coagulants and coagulant aids. However, very 
significant TKN reductions (50% to 57%) were recorded with various coagulant aids. In 
addition, high reductions of albuminoid nitrogen (74% to 83%) were obtained with various 
coagulant aids. According to Aguilar et al. (2002) the reduction of ammonia nitrogen and TKN 
is associated with either the pollutants attaching to the salt precipitates or attaching to the 
surface of the (negatively charged) colloids due to electrostatic attraction forces. Moreover, 
this study explains that the reason for high albuminoid nitrogen reductions is because it is in 
the form of proteins in water which are partially hydrophobic and partially hydrophilic. 





CHAPTER 3. Analytical methods and leachate characterisation 
3.1 Introduction 
This chapter discusses the sampling method, analytical methods and the characteristics of the 
landfill leachate used for this study. The objective of characterising landfill leachate is to 
estimate its pollution potential and identify types of possible treatment. For example, in this 
study ammonia nitrogen is the parameter of concern and the goal is to identify treatments 
suitable to reduce its concentration, consequently minimising its adverse impact on the 
environment and treatment plants. The overall physico-chemical parameters analysed in this 
study include pH, turbidity, total alkalinity, conductivity, salinity, ammonia, total nitrogen, 
COD, colour, total suspended solids (TSS), TS, nitrates and nitrites. 
3.2 Materials and method 
3.2.1 Leachate sampling and analysis 
The landfill leachate samples were collected from a landfill situated in the Canterbury region, 
in the South Island of New Zealand. The site has an area of about 37 hectares, receiving about 
1,200 tonnes of solid waste daily. The type of solid waste at this landfill is MSW that comes 
from domestic housing, markets, construction, institutions and industry (CAE, 2000). A typical 
waste composition for the landfill in question is shown in Figure 3-1. The site is equipped with 
a series of 30, 000 litre-capacity leachate storage tanks and the samples were drawn manually 
into well-labelled 25 L plastic containers (Figure 3-2). The containers were then transported 
immediately to the University of Canterbury environmental laboratory and stored at 4°C while 
awaiting analysis. Leachate sampling was done when necessary to minimise the possibility of 
sample biodegradation or volatilisation. Leachate sampling, preservation and analytical 
methods followed the Standard Methods for the Examination of Water and Wastewater 





Figure 3-1: Christchurch City Council waste composition (adapted from CAE, 2000). 
 
 
Figure 3-2: (a) Landfill staff assisting with drawing leachate samples from the storage tanks. 
(b) Site leachate 30 000 L storage tanks. (c) Well-labelled 25 L leachate container ready for 






3.3 Analytical methods 
3.3.1 Landfill leachate characterisation 
All the leachate samples were analysed and characterised in the University of Canterbury 
environmental laboratory based on the Standard Methods for the Examination of Water and 
Wastewater (APHA et al., 2005). Before characterising the leachate, filtering using a 
disposable 0.45 micron syringe was performed to remove coarse suspended solids. The 
refrigerated samples were allowed to reach ambient temperature (this took about 2 hours) 
before any analysis. Thereafter the leachate samples were analysed for pH, turbidity, total 
alkalinity, conductivity, salinity, ammonia (NH3-N), Total Kjeldahl Nitrogen (TKN), Chemical 
Oxygen Demand (COD), colour, Total Suspended solids (TSS), Total Solids (TS), nitrates 
(NO3 – N) and nitrite (NO2 – N). The analytical method for each physico-chemical parameter 
is explained in detail below. 
 
a. pH  
All pH measurements were conducted using a pH meter – EDT instruments microprocessor 
(RE 357-Tx). The pH meter calibration was performed before the start of each day (due to 
demand by other researchers) or prior to each measurement for extreme precision when 
necessary.  Calibration was performed with three buffers (pH 4.0, 7.0 and 10.0) and precautions 
were taken to ensure the buffers were fresh. In addition, calibration was performed every time 
before taking pH measurements. Accuracy was estimated at ± 0.05 (APHA et al., 2005). 
 
Where applicable, the pH was adjusted prior to a treatment test. Adjustments were performed 
either using 1.0N (normality) hydrochloric acid (HCl) and 1.0N sodium hydroxide (NaOH). 
Care was taken to ensure stabilisation of the meter reading before adding more base or acid. 
 
b. Total Kjeldahl Nitrogen (TKN) 
Total nitrogen tests were determined using the Kjeldahl method 4500-N based on the Standard 
Methods for the Examination of Water and Wastewater (APHA et al., 2005). The Kjeldatherm 
TZ- controller and Vapodest 4s, Gerhardt were used to determine both ammonia and organic 
nitrogen levels in three stages: digestion, neutralisation and distillation. The first part entails 
digesting the leachate sample up to 400 °C to form (NH4)2SO4 with the help of a copper sulfate 
catalyst. Digestion converts organic nitrogen into NH4
+ ions as shown in Equations 15 and 16 
below. The second part (neutralisation) converts NH4




conditions to alkali conditions with the addition of sodium hydroxide (NaOH) as shown in 
Equations 18 and 19 (Thomas & Paris, 1989). The final stage – distillation – causes the NH3 to 
escape as it reacts with boric acid. A titrimetric method was then used to determine the organic 
nitrogen concentrations in the solutions. For quality control, about 1000 mg/L NH3-N was 
made up with 3.819 g/L of ammonium chloride and all the tests were held to an accuracy of ± 












+ + OH− → NH3 + H2O  (19) 
 
c. Ammonia concentrations 
In this study, two methods were used for determination of ammonia concentration: the 
salicylate method and the distillation–titration method. The salicylate method was conducted 
according to Method 10031, based on HACH (2002). This method measures low 
concentrations of ammonia within a range of 0.4 to 50.0 mg/L of NH3-N. A blank sample of 
deionised water with 0 mg/L of NH3-N was measured in all the samples. For quality control 
about 1000 mg/L NH3-N was made up with 3.819 g/L of ammonium chloride, and all the test 
were made to an accuracy of ± 50.0 mg/L as a check of quality control. 
 
The distillation and titration method was used to determine higher NH3-N concentrations using 
the Micro-Kjeldahl method 4500-N based on the Standard Methods for the Examination of 
Water and Wastewater (APHA et al., 2005). The 20 mL leachate sample was buffered, using a 
borate buffer, to keep the solution at pH 9.2. About 70 mL of 6N NaOH solution was used to 
adjust the pH to 9.2. This was to reduce or prevent hydrolysis of organic nitrogen and cyanates 
to NH3. An addition, of 100 mL of deionised water was also added to help the sample to boil. 
Titration was against sulfuric acid (H2SO4) using a combined indicator of methylene blue and 




shows NH3 being given off after titration using borate buffer and distillation process. For 
quality control, about 1,000 mg/L NH3-N was made up with 3.819 g/L of ammonium chloride 













The amount of the titrant used in the distillation–titration method was converted into the NH3-
N concentration (in given units here) using the following formula: 
 
 
NH3 − N =  






N = normality of sulfuric acid (H2SO4) 
Titrant = the amount of H2SO4 used for titrating with leachate sample (ml) 
Blank = the amount of H2SO4 used in titrating with di-ionised water (ml) 
 
d. Chemical oxygen demand (COD) 
COD measures the total amount of oxygen required for oxidising materials in a sample. A 
modified method based on HACH (2002) was used for measuring COD in this study. This 
method makes use of a COD high range digestion solution and Program number 9000 on the 
DR3900 spectrophotometer. A standard curve was created on this program using average 
absorbance values from different standards as a COD test guide. Due to high concentration of 
the COD in the leachate sample, the sample was diluted to 10% and 20% to enable reading by 
the spectrophotometer. The spectrophotometer only measures to a maximum of 1200 mg/L of 




blank and duplicates of quality control (COD standard of 600 mg/L) were conducted for every 
COD test to preserve accuracy. All the tests were conducted to accuracy of ± 50.0 mg/L as a 
check of quality control. 
 
e. Turbidity 
Turbidity can be defined as a measure of the presence of colloidal and suspended particles 
including clay and microorganisms in water or solution. The leachate sample was analysed for 
turbidity with a turbidimeter (HACH model 2100P). A Gelex standard of range 0–100 
(nephelometric turbidity units) NTU was used for quality control. Importantly, HACH StablCal 
standards were used for the calibration of the turbidimeter using Nephelometric method 2130B 
based on the based on the Standard Methods for the Examination of Water and Wastewater 
(APHA et al., 2005). Figure 3-3 shows the turbidity test apparatus used in this study. All the 
tests were conducted to accuracy of ± 0.50 mg/L as a check of quality control. 
 
Figure 3-3: (a) HACH model 2100P turbidimeter (b) A 0 – 100 NTU gelex standard. (c) 
Leachate samples and gelex standard ready for analysis on a turbidimeter. (d) Gelex standard 




f. Conductivity  
The leachate sample conductivity was recorded using a YSI salinity conductivity temperature 
meter (Model number 30-10 FT). The conductivity was read as specific conductance at 25 °C 
and displayed in μS/cm, while salinity was displayed in mS. Stabilisation time was allowed for 
about 10 seconds before taking the readings after submerging the probe in the leachate solution. 
Calibration was performed with a 0.01M KCL conductivity standard each time before the 
instrument was used. For these experiments, ± 50 μS/cm values were considered accurate and 
sufficient for quality control. 
 
g. Total suspended solids (TSS) 
TSS measurement was performed according using method 2540D of the APHA Standard 
Methods for the Examination of Water and Wastewater. Duplicates of 100 mL blank (deionised 
water) samples were filtered through fibreglass filter papers and dried in the Contherm 
Thermotec 2000 oven at 103 to 105ºC for two hours. Thereafter, the dried glass filter paper 
was placed in the desiccator to cool down to room temperature, then weighed on a Mettler 
Toledo (ME204) analytical balance, and the mass of the filter was recorded. Multiple leachate 
samples of 100 mL each were weighed and filtered through the fibreglass filter and oven dried 
at 103 to 105 ºC for two hours. The filter papers were then cooled to room temperature in the 
desiccator and the mass of each was then found and recorded as mass sample + filter paper. All 
the tests were conducted to accuracy of ± 0.05 mg/L as a check of quality control. The leachate 










C = mass sample + filter post evaporation (g) 
A = mass filter (g) 
D = solid loss/gain (g) 
 





Figure 3-4: TSS procedure: (a) TSS set-up, (b) samples drying in an oven, (c) measuring on 
the analytical balance. 
 
h. Total Alkalinity 
The alkalinity of each leachate sample was measured using method 2320B of the APHA 
Standard Methods for the Examination of Water and Wastewater. The titration method was 
used with a standard 0.1N hydrochloric acid. This method requires titrating the 200 mL 
leachate sample down to a pH of about 4.5. The pH meter used–EDT instruments 
microprocessor (RE 357-Tx) was calibrated with three buffers (pH 4, 7 and 10) before use. The 
readings were allowed to stabilise for at least 10 seconds before recording, and for quality 
control, accuracy was kept at ± 0.02  (APHA et al., 2005). Figure 3-5 shows the alkalinity test 
apparatus and steps used in this study.  The alkalinities of the leachate samples were then found 
using the equation as: 
 
 










A = mL of standard acid (HCI) 






Figure 3-5: Total alkalinity set-up as performed. 
 
i. Nitrates 
For all the samples, nitrates tests were performed using the cadmium reduction method (method 
8039) Program 355 N, nitrate HR based on HACH (2002). This method measures nitrate 
concentration from a sample within the range of 0.3 to 30.0 mg/L N03–N. A blank sample of 
deionised water was used as a check of accuracy. Prior to measurements, the leachate sample 
was filtered through filter crucibles of average pore size 40 μm to avoid turbidity interference. 
Also, the powder pillows (NitraVer 5 Nitrate) was thoroughly dissolved by shaking for one 
minute, and was left for five minutes undisturbed (the reaction time). The outsides of the vials 
were thoroughly wiped before insertion into the DR 3900 spectrophotometric instrument for 
reading. For quality control the tests are read to ± 0.05 mg/L. 
 
j. Nitrites 
Nitrite tests were performed using the ferrous sulfate method (Method 7153) Program 373 N, 
nitrate HR based on HACH (2002). This method measures nitrite concentration from a sample 
within the range of 2 to 250 mg/L NO2
–. A blank sample of deionised water was used as a 
check of accuracy. Prior to measurements, the leachate sample was filtered through filter 
crucibles of average pore size 40 μm to avoid turbidity interferences. Also, the reagent powder 
pillows (Nitri Ver 2 Nitrite) were thoroughly dissolved by shaking and left for 10 minutes 




insertion into the DR 3900 spectrophotometric instrument for reading. For the quality control 
the tests were read to ± 0.05 mg/L. 
 
k. Colour 
Colour was measured as true colour using spectrophotometric method – Platinum-Cobalt 
standard method (Method 8025) as adapted from HACH (2002). Prior to measurements, the 
leachate sample was filtered through filter crucibles of average pore size 40 μm and analysed 
at 120 colour, 455 nm using a DR 3900 HACH spectrophotometer. Platinum-cobalt (PtCo) are 
the units used for colour.  A unit of colour is said to correspond to that produced by 1 mg 
platinum per litre in the form of the chloroplatinate ion (Aziz et al., 2004). 
 
l. Temperature 
Different mercury-in-glass thermometers were used to determine temperatures. 
 
m. Dissolved Oxygen 
Dissolved oxygen (DO) was measured using a YSI 550A probe as adapted from HACH (2002). 
Calibration was performed every time readings are conducted to ensure highest data accuracy. 
Before calibration the sensor was placed in its reading environment to read the barometric 
pressure. The meter was then allowed to read to +/-2% of 100% of air-saturated water for 
accuracy and quality control. 
 
3.4 Results and Discussion: Leachate characterisation 
The raw leachate samples were analysed and characterised at the University of Canterbury 
environmental laboratory on different dates. For accuracy and quality control purpose, the 
leachate was re-tested each time a new batch was received for the experiments. The samples 
were characterised for different physico-chemical parameters to estimate their initial 
contaminants. The results show that leachate samples contain very high ammonia 
concentrations, above the New Zealand discharge limits. The summary results of the leachate 
characteristics are presented in Table 3-1. 
 
3.4.1 pH 
pH is a very important parameter to the receiving environment because it influences chemical 




and 7.95 respectively. These pH values indicate that the leachate has reached a stabilisation 
stage and also shows fairly constant pH values with little variations (Bhalla et al., 2012; 
Christensen et al., 2001b). Moreover, according to Christensen et al., (2001) the pH of leachates 
is generally around 4.5 to 9.0, and also the leachate pH changes with the age of the landfill. 
Young leachates generally have a pH of less than 6.5, while stabilised leachates have pH greater 
than 7.5 (Bhalla et al., 2012; Christensen et al., 2001b; Kurniawan, Lo, & Chan, 2006). 
 
3.4.2 Ammonia nitrogen 
The NH3-N concentrations measured from the leachate were 2,180 mg/L, 2,040 mg/L, and 
2,124 mg/L respectively. This leachate is very rich in ammonia and, moreover, ammonia is an 
inorganic component that causes serious concern in leachate (Johannessen, 1999).  High 
concentrations of ammonia negatively impact the wastewater treatment processes and reduce 
the quality of the effluent, preventing it from meeting discharge standards (Poveda et al., 2016). 
Furthermore, an ammonia concentration higher than 100 mg/L is said to be very toxic to aquatic 
life (Aziz et al., 2004; Bashir et al., 2015). The ammonium ion (NH4
+) has an oxygen demand 
as it changes to NO3
- resulting in dissolved oxygen depletion from the surrounding water 
bodies. In addition, the concentration of typical domestic wastewater ranges from 35 m/L to 60 
m/L. Therefore, this high NH3-N concentration is a very important reason why landfill leachate 
requires treatment prior to discharge. 
 
3.4.3 Chemical oxygen demand (COD) 
The COD values measured from the leachate were 4,050 mg/L, 4,960 mg/L, 4,100 mg/L and 
4,240 mg/L respectively. COD is a measure of the total oxygen needed to oxidise all the organic 
waste to inorganic products such as carbon dioxide and water (Bhalla et al., 2012). These 
measured COD values are considered very high compared with the standard limit. Moreover, 
such high concentrations could also affect the efficiency of biological treatment of the leachate 
(van Loosdrecht et al., 2016). 
 
3.4.4 Nitrates 
The nitrate values measured from the leachate were from 1.8 mg/L to 33 mg/L. The New 
Zealand discharge limit for nitrates is 11.0 mg/L, therefore the leachate is considered high in 
nitrates. However, the ratio of NO3/NH4 is very low and most of the nitrogen (N) is in the 






Only samples from 27 June 2016 and 10 July 2016 were measured for turbidity. The turbidity 
values were measured to be 68.0 NTU and 58.4 NTU respectively. These values seem 
consistent with those found in some previous studies (Bhalla et al., 2012; Christensen et al., 
2001b) For example, (Bhalla et al., 2012) analysed turbidity concentrations from three landfill 
sites at (Jainpur, Jamalpur and Noorpur) in Ludhiana (India) and their concentrations were 43 
NTU, 79 NTU and 68 NTU, respectively. 
 
3.4.6 Total suspended solids and total solids 
The TS concentration of the samples were 8,620 mg/L, 10,180 mg/L, 9,860 mg/L and 9620 
mg/L respectively, with an average of 9,470 mg/L. TS in the leachate consist of dissolved 
organic and inorganic salts (Bhalla et al., 2012; Christensen et al., 2001b). The suspended solids 
levels were found to be very low, with values of 57 mg/L, 57 mg/L, 137 mg/L and 97 mg/L 
respectively. Very high suspended solids impact on the receiving environment and also 
overload some of the treatment processes, hence affecting the effluent quality. 
 
3.4.7 Colour 
The leachate sample’s colour was dark brown and the measured values were 8,580 Pt/Co, 8,920 
Pt/Co and 8,790 Pt/Co respectively. Generally, stabilised leachate consists of high organic 
matter (humic and fulvic compounds) that bring about the dark brown colour of the leachate 
(Aziz et al., 2007). High colour values (6540 Pt/Co) were also recorded in previous studies 
such as by Aziz et al. (2007). Colour can adversely impact on the receiving water in many 
ways, such as: 
• reducing photosynthesis processes 
• reducing aesthetic values 
• altering the ecosystem  
• bathers stop swimming due to visibility issues in the waters. 
 
3.4.8 Alkalinity 
In this study alkalinity refers to the acid-neutralising capacity of the leachate sample and is 
measured as CaCO3 concentration. The leachate alkalinity was measured to be 8,490 mg/L 





Table 3-1: Canterbury Leachate Characteristics Sampled At Different Dates. 
Sample Raw leachate Typical 
Domestic 
wastewater  
Sample date 11/6/2015 5/5/2016 6/27/2016 7/10/2016 
Parameter      
pH 7.78 8.03 7.82 7.92 6.00–9.00 
Turbidity, NTU - - 68.0 58.4 - 
Total alkalinity, mg/L 
CaCO3 
8,495 9,565 8,590 8,855 100 
Conductivity, mS/m 21.65 24.30 23.23 23.05 - 
      
NH3-N, mg/L - 2,180 2,040 2,124 35 
TKN, mg/L 1,960–2,038 2,390 2,185 2,306  
COD, mg/L 3,090–4,050 4,960 4,105 4,237 500 
Colour, Pt/Co - 8,580 8,920 8,790  
TSS, mg/L 55–57 57 137 97 300 
TS, mg/L 8,621 10,184 - 9,615 800 
NO3 –N, mg/L 1.5–22.8 8.70–33 - 7–55 20 
NO2-, mg/L - - - - - 
 
3.5 Conclusion 
The leachate samples were collected and analysed for different physico-chemical parameters 
to estimate their initial contaminants. The landfill leachate used for this research contains high 
concentrations of both organic and inorganic (NH3-N) contaminants. This high ammonia 
nitrogen concentration is the reason why landfill leachate requires treatment prior to discharge. 
The measured pH values indicate that this leachate has reached stabilisation stage and also 
shows fairly constant pH values with little variation. Heavy metals were not measured at this 
stage. The high ammonia nitrogen concentration in leachate would require a more appropriate 
treatment method in order to reduce it to satisfactory levels, hence reducing cost of further 







CHAPTER 4. Coagulation–flocculation: Option 1 
 
This study examined the use of both anhydrous ferric chloride and hexahydrate ferric chloride 
and also aluminium sulfate (alum) in removing ammonia nitrogen from landfill leachate 
through a coagulation–flocculation technique. The aim of this study was to investigate these 
coagulants in removing ammonia nitrogen and determine the best coagulant and optimum 
conditions. Jar test experiments were used to explore the best coagulant, effective dosage, 
effect of pH, mixing regimes and settling time. In addition, the effect of three commercial 
cationic polyelectrolytes in removing ammonia nitrogen from landfill leachate through 
coagulation–flocculation was also assessed. 
4.1 Materials and method 
4.1.1 Leachate sampling 
As mentioned in Chapter 3 of this report leachate samples were collected from a landfill site 
situated in the Canterbury region in the South Island of New Zealand. The samples were 
collected at different times to minimise the possibility of sample biodegradation. The samples 
were stored at 4°C all the time until analysed. Refer to Chapter 3 of this report. 
 
4.1.2 Coagulants and polyelectrolytes 
The coagulants used in this study were anhydrous ferric chloride, hexahydrate ferric chloride 
and aluminium sulfate. These coagulants were purchased from Meck Corporation, New 
Zealand. Anhydrous ferric chloride and aluminium sulfate (alum) were supplied in the 
powdered form while hexahydrate ferric chloride was in the crystal form. The three cationic 
commercial polyelectrolytes used were Magnesol 598, Crystalfloc and Magnafloc LT7991. 
Magnesol 598 and Crystalfloc were supplied by Chemiplas Pty Ltd NZ whereas Magnafloc 
LT7991 was obtained from Ciba Speciality Chemical. The primary role of polyelectrolytes is 
to aid coagulants in flocs formation. The choice of polyelectrolytes used was through the 
recommendations from the suppliers and of course through literature review. A summary of 
polyelectrolyte properties is given in Table 4-1 and it shows that these polyelectrolytes are from 
the polyacrylamide family. According to some studies polyacrylamides are known to be a 
source of organic nitrogen (Kay-Shoemake et al., 1998). The polyacrylamide data sheets are 






Table 4-1: Polyelectrolytes Used with Optimum Dose of Hexahydrate Ferric Chloride. 
Name of 
polyelectrolyte 
Chemical family Charge Molecular weight Physical form 
Magnesol 598 Cationic 
polyacrylamide 
cationic High mol. wt. liquid 
Crystal floc Polyacrylamide cationic - liquid 
Magnafloc LT 7991 Epichlorohydrina- 
mine 
cationic High mol. wt. aqueous 
 
4.2 Experimental methods 
4.2.1 Coagulation–flocculation tests - jar tests 
All the coagulation–flocculation studies were performed in a conventional jar test apparatus 
equipped with rectangular blade impellers (2.5 cm x 2.5 cm x 75 cm), each with six 500 mL or 
1000 mL beakers. For every analysis, the landfill leachate samples were removed from the 
refrigerator for a period of approximately 2 to 3 hours and allowed to reach ambient 
temperature prior to testing. After 2 to 3 hours, the leachate sample temperature was measured 
and would range between 17ºC to 22ºC. Moreover, prior to analyses the samples were 
thoroughly agitated for resuspension of settled solids. The leachate sample volumes (500 or 
1000 mL) were then transferred into the corresponding beakers of the jar test. The jar test 
experimental procedure involved three successive stages: 
 The first stage was initial rapid mixing for 1 to 5 minutes at various velocities ranging 
from 60 to 100 revolutions per minute (rpm).  
 The second stage was a slow mixing stage which lasted between 10 to 60 minutes at 
various speeds ranging from 20 to 60 rpm.  
 The final stage of the coagulation–flocculation test was the settling period which lasted 
for at least 30 minutes. 
 
The mixing speed was kept constant in all six containers by a gauge at the top centre of the 
device. The jar test set is shown in Figure 4-1. The jar test processes entailed adjusting the 
leachate sample pH levels where applicable. Where necessary pH adjustment was performed 





Figure 4-1: Coagulation–flocculation jar test apparatus. 
 
In experiments using polyelectrolytes, these were added after the rapid mixing stage to 
correspond with the slow mixing stage. After the final stage (settling) of coagulation–
flocculation, the 10 mL pipette was used to withdraw the supernatant from the beakers. 
Withdrawal of the supernatant was done at a point below the bottom of the suspended foam if 
any. Prior to supernatant analysis, the sludge volume at the bottom of the beakers was estimated 
and recorded. The supernatant was analysed for NH3, COD, turbidity, SS, colour and for final 
pH where necessary. As mentioned in Chapter 3, the analysis for NH3-N was conducted using 
the distillation and titration method using the Micro-Kjeldahl method 4500-N of the Standard 
Methods for the Examination of Water and Wastewater (APHA et al., 2005). All other 
parameters were analysed as explained in Chapter 3 of this report. 
 
The amount of titrant used in the distillation and titration method was converted into the NH3-
N concentration using the Equation 21 of Chapter 3 (3.3.1c). 
 
The removal efficiency of ammonia nitrogen, COD, turbidity, SS and colour was found using 

















Cf = initial concentrations of ammonia, COD, turbidity, SS and colour (mg/L) 
 
4.2.2 Variables explored  
The variables explored and optimised in this study were coagulant type and dosage, pH, 
polyelectrolytes addition, rapid and slow mixing regimes and settling time. Challenges were 
encountered in adjusting the pH below 7.0 and above 8.0 with the addition of HCl and NaOH. 
Rapid foaming occurred which made it difficult to adjust the pH to levels below 7.0 and above 
8.0. However, where possible to mitigate this problem drops of antifoaming agent (amyl 
alcohol) was added as needed. 
 
Figure 4-2 shows leachate pH adjustment apparatus and steps used in this study. Whereas, 
Figure 4-3 shows ammonia test apparatus and steps also used in this study. 
 
 
Figure 4-2: (a) & (b) Leachate sample preparation for pH adjustment. (c) Leachate sample 





Figure 4-3: (a) Coagulated sample. (b) 20 mL of supernatant ready for analysis. (c & d) 
Distillation and titration stage using Vapodest 4s machine. (e) Titroline reading the amount of 
titrant used. 
 
4.2.3 Re-producing results from previous studies 
This study also attempted to reproduce the best coagulation–flocculation results from previous 
studies using anhydrous ferric chloride and alum. The raw leachate pH was adjusted to pH 7.0 
and 5.0 with the addition of hydrochloric acid for experiments with anhydrous ferric chloride 
and alum respectively. This study kept every condition constant with anhydrous ferric chloride 
experiments except with rapid mixing speed as shown in Table 4-2. The jar test gear used in 
this study was limited to a maximum speed of 100 rpm. Challenges were encountered in 
adjusting the pH to 4.8 due to vigorous foaming. Therefore, this study could only adjust the 
raw leachate pH to pH 5.0. Table 4-2 shows the coagulation–flocculation schedule for 








Table 4-2: Coagulation–Flocculation Schedule for Re-Producing Results of Previous Studies. 














Rui et al. 
2012 
Ferric chloride 7 2,000 4 150 30 1,700 
This 
Study 
Ferric chloride 7 2,000 4 100 30 2,261 
Rui et al. 
2012 
Ferric chloride 7 3,500 4 150 30 1,700 
This 
Study 




Alum (powder form) 
Al2(SO4)3.16H2O (M 
= 630.39 g/mol) 
4.8 10,000 3 150 30 2,040 
This 
Study 
Alum (powder form) 
Al2(SO4)3.18H2O (M 
= 666.45 g/mol) 
5 10,000 3 150 30 2,261 
 
4.2.4 Visual test 
During the jar test the following observations were made: 
 foaming during pH adjustments 
 foaming during coagulation test 
 floc formation 
 wet sludge volume 
 settling time 
 floating suspended solids 
 colour and clarity of supernatant. 
 
4.2.5 Wet sludge volume estimates 
During the coagulation–flocculation treatment process, sludge is produced, which could be a 
concern. The suspended solids, together with the compounds formed by the coagulant, produce 
the sludge (Aguilar et al., 2002). The amount of sludge produced is an aspect to be considered 
in selecting the most effective coagulant for treatment (Aguilar et al., 2002). If a large amount 
of sludge is produced, it could create another potential problem, resulting in another treatment 
having to be employed, therefore proving very costly. However, the sludge formed during the 
coagulation–flocculation treatment process could be used to harvest or recover the coagulants 
employed in the treatment (Aguilar et al., 2002). Moreover, the sludge might be used in 
agricultural applications after adequate analysis and treatment. In this study, the wet sludge 




the level of the sludge to the bottom of the beaker as shown in Figure 4-4. The estimation was 
also calculated as below: 
 
 
wet sludge volume (%) =
B
𝐴
 x 100 
 (25) 
Where: 
A = coagulated sample volume 
B = sludge volume from the bottom of the beaker. 
 
Figure 4-4: Estimating wet sludge volume after coagulation–flocculation with alum. 
 
4.3 Results and discussion 
4.3.1 Experiments re-producing results from previous studies 
4.3.1.1 Anhydrous ferric chloride 
To reproduce the results of Rui et al. (2012) as shown in Table 4-2, the experiments were 
performed with anhydrous ferric chloride at a constant raw leachate pH adjusted to pH 7.0. The 
raw leachate pH was adjusted prior to jar tests with 1.0N hydrochloric acid. For these 
experiments two coagulant dosages of 2,000 mg/L and 3,500 mg/L of anhydrous ferric chloride 
were analysed with an initial rapid mixing regime of 100 rpm for 4 minutes. The rapid mixing 
regimes were followed by a slow mixing regime of 30 rpm for 20 minutes. Thereafter, stirring 
was stopped and the formed flocs were allowed to settle for 30 minutes before withdrawing the 
supernatant for analysis. The results are presented in Table 4-3. As observed, the preliminary 
results conducted by this study obtained the highest NH3-N removal of 36.5 % compared with 




obtained better COD results compared with those of Rui et al. (2012) at the same dosage. 
However, better colour removal was achieved by Rui et al. (2012). The removal of NH3-N, the 
COD and colour were lower in this study (11%, 38% and 42% respectively) than the values of 
Rui et al. (2012) with a dosage of 3,500 mg/L. More information of these experiments is 
presented in Appendix F. 
 
After the flocs had settled for at least 30 minutes, the wet sludge volume was estimated for 
each dose from the total treated leachate volume. The sludge volume production was 30% 
(2,000 mg/L) and 40% (3,500 mg/L) and increased with increasing FeCl3 doses. 
 
I believe that the difference in these results could possibly be attributed to but not limited to 
the following: 
 The difference in the initial NH3-N concentrations in each leachate. The initial NH3-N 
concentrations used in this study were 30% higher than those analysed by Rui et al. 
(2012). 
 The difference in the levels of other compounds in the leachate samples could be a 
factor. 
 The temperature conditions during the experiments could have been different, so 
influencing the results. 
 
However, they could be other factors such as analytical problems that could have possibly led 
to the difference in the results. 
 
4.3.1.2 Aluminium sulfate 
To reproduce the results of Syafalni et al. (2012) as shown in Table 4-2, the experiments were 
conducted with aluminium sulfate at a raw leachate pH adjusted to pH 5.0. In this experiment 
difficulties were encountered in adjusting the pH to 4.8 due to vigorous foaming. Therefore, 
this study could only adjust the raw leachate pH to pH 5.0. A higher alum dose of 10,000 mg/L 
was used with an initial rapid mixing regime of 100 rpm for 3 minutes. The slow mixing 
regime, settling and analyses were similar to that with FeCl3. The results are presented in Table 
4-3. It was observed that this high dose of alum achieved low removal results of NH3-N and 




However, this study obtained high colour removal (75%) which was quite similar to that of 
Syafalni et al. (2012). 
 
Similarly, the wet sludge volume was estimated for each dose from the total treated leachate 
volume after a settling period of at least 30 minutes. The sludge volume produced was 33% at 
an alum dose of 10, 000 mg/L. More information of these experiments is presented in Appendix 
F-1. 
 
Once again, I believe the difference in these results could possibly be attributed to but not 
limited to the following: 
 The difference in pH levels. 
 The difference in the type of alum used which the study omitted in factoring the 
coagulant dose. Syafalni et al. (2012) used Al2(SO4)3.16H2O and this study used alum 
with two extra molecules of H2O, [Al2(SO4)3.18H2O] 
 The difference in the level of other compounds in both leachate samples could be a 
factor. 
 The temperature conditions during the experiments could have been different hence 
influencing the results. 
 








Table 4-3: Comparison of This Study’s Results and Previous Studies’ Results. 






























7.0 2,000 4 100 30 2,261 36.5 50.0 54.0 




7.0 3,500 4 100 30 2,261 11.0 38.0 42.0 
Syafalni et al. 
(2012) 
Alum (powder form) 
Al2(SO4)3.16H2O 
(M = 630.39 g/mol) 
4.8 10,000 3 100 30 2,040 41.2 65.0 80.0 
This study 
Alum (powder form) 
Al2(SO4)3.18H2O 
(M = 666.45 g/mol) 







4.3.2 Coagulants explored 
4.3.2.1 First batch experiments with anhydrous ferric chloride and alum 
The first batch of anhydrous ferric chloride (FeCl3) was investigated against alum at several 
doses ranging from 1,000 mg/L to 3,500 mg/L with FeCl3 and 1,000 mg/L to 14,000 mg/L with 
alum. These experiments were performed at constant initial raw leachate pH of pH 7.0 adjusted 
using hydrochloric acid. The supernatant was then analysed for NH3-N, COD, turbidity, SS 
and colour. The results are presented in Figure 4-5 to Figure 4-9. As shown in Figure 4-5, the 
highest NH3-N (36%) removal was obtained with anhydrous ferric chloride at a dose of 2,000 
mg/L. The highest NH3-N removal achieved by alum was 14.5% at a high dose of 6,000 mg/L. 
The COD reductions were high with anhydrous ferric chloride, achieving 50.7% at a dose of 
2,000 mg/L as shown in Figure 4-6, while COD reductions with alum increased with increasing 
alum dosage, achieving levels of 36% at a dose of 14,000 mg/L. Anhydrous ferric chloride 
used exhibited an increase in turbidity concentrations from the raw leachate turbidity (68.0 
NTU) with increasing coagulant dosage (Figure 4-7). However, turbidity removal was 
observed at doses of 3,000 mg/L and 3,500 mg/L achieving removals of 6.5% and 31% 
respectively. In contrast, alum did not show any turbidity removal with increasing dosage, 
achieving the highest turbidity concentration increase of 700% at a dose of 7,000 mg/L. 
 
As shown in Figure 4-8, again anhydrous ferric chloride achieved the highest colour removal 
of 76.7% at a high dose of 3,500 mg/L, while alum exhibited an increase in colour removal 
with increasing alum dosage, achieving 88.1% at a high dose of 14,000 mg/L. Only TSS were 
analysed with ferric chloride supernatant, and an increase in TSS concentrations was observed 
with increasing anhydrous ferric chloride dosage, as shown in Figure 4-9. 
 
From these results, anhydrous ferric chloride proved more effective than alum in treating 
landfill leachate at pH 7.0. Most of this study’s results agree with the results reported by Rui 
et al. (2012) except for colour and suspended solids. Rui et al. (2012) achieved colour removal 
above 80% with a ferric chloride dose of 2,000 mg/L, while this study observed 66% with the 
same dose. In addition, Rui et al. (2012) achieved colour removal of 40% with an alum dose 
of 2,000 mg/L, while this study observed 11% with the same dose. Generally, all the 
contaminants analysed achieved high percentages reduction with anhydrous ferric chloride at 
lower doses as compared to alum. Moreover, other studies by Amokrane, Comel, and Veroni 




landfill leachate. Amokrane et al. (1997) observed 94% and 87% of turbidity removal from 
landfill leachate with ferric chloride and alum respectively. Whereas, Aziz et al. (2007) 
achieved removals of 99% SS, 96.5% colour and 44.7% COD with ferric chloride while with 
alum they witnessed 70.4% SS, 54.9% colour and 26.9% COD removals. In view of all these 
treatment results, ferric chloride was chosen for this study to be a better coagulant than alum 
in treatment of this landfill leachate. Raw data for these experiments are presented in Appendix 
F. 
 
a) Ammonia nitrogen results 
 
 








































b) COD results 
 
Figure 4-6: Effect of coagulant type and dosage on COD removal at a pH 7. 
 
c) Turbidity results 
 


















































d) Colour results 
 
Figure 4-8: Effect of coagulant type and dosage on colour removal at a pH of 7.0. 
 
e) TSS results 
 





















































f) Wet sludge volume  
The sludge is produced from the suspended solids and the compounds formed during the 
coagulation (Aguilar et al., 2002). The sludge characteristics depend on the treatment 
conditions and the coagulant used. As shown in Figure 4-10, anhydrous ferric chloride 
produced more sludge volume at low coagulant doses. The sludge was estimated to be between 
20% and 40% of the total treated leachate volume across the coagulant dosage. A higher sludge 
volume of 40% was observed at a dose of 3,500 mg/L, while less sludge was obtained with 
1,000 mg/L. Less sludge production was observed with alum at lower doses. Both coagulants 
produced an increase in sludge production with increasing coagulant doses. Generally, alum 
exhibited better performance in sludge production than anhydrous ferric chloride. 
 
 
Figure 4-10: Wet sludge production with anhydrous ferric chloride and alum at pH 7.0. 
 
4.3.2.2 Second batch experiments with anhydrous ferric chloride only 
The second batch experiments were conducted at a later stage with only anhydrous ferric 
chloride at several doses ranging from 1,000 mg/L to 5,000 mg/L. These experiments were 
conducted in order to confirm the first batch results. The supernatant was analysed for NH3-N, 





























shown in Figure 4-11, these experiments with anhydrous ferric chloride achieved 20.4% of 
NH3-N removal at a dose of 2,000 mg/L, while the first batch (anhydrous ferric chloride) results 
achieved 36.5% with the same dose (2,000 mg/L). Moreover, the COD reductions observed by 
these experiments was 28.5% at a dose of 2,000 mg/L while the highest (32.3%) was achieved 
at a dose of 5,000 mg/L. In contrast, the first batch (anhydrous ferric chloride) results observed 
50.7% of COD reduction at a similar dose of 2,000 mg/L. Moreover, these experiments showed 
an increase in turbidity concentrations from the raw leachate turbidity (68.0 NTU) with 
increasing coagulant dosage (Figure 4-12). Very low (16.2%) turbidity removal was observed 
at a doses of 5,000 mg/L. 
 
Generally, the second batch experiments observed low NH3-N and COD reductions as 
compared to the first batch conducted with anhydrous ferric chloride. However, these 
experiments (second batch) still achieved similar COD and NH3-N results obtained by Rui et 
al. (2012) with ferric chloride at a dose of 2,000 mg/L. Rui et al. (2012) obtained 28% and 26% 
of COD and NH3-N reductions respectively while these experiments observed 28.5% and 
20.4% of COD and NH3-N reductions respectively. 
 
Therefore, these results still indicate anhydrous ferric chloride as a more effective coagulant 
than alum in treatment of this landfill leachate. Raw data for these experiments are presented 






Figure 4-11: Effect of anhydrous ferric chloride dose on the removal of NH3-N and COD at 
pH 7.0 before and after the coagulant addition. 
 
Figure 4-12: Effect of anhydrous ferric chloride dose on the removal of turbidity, NH3-N and 
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a. Wet sludge production 
The wet sludge volume produced by these experiments was estimated to be between 15% and 
40% of the total treated leachate volume across the coagulant dosage range (Figure 4-13). As 
shown Figure 4-13, the sludge production increased with increasing anhydrous ferric chloride 
dose. The sludge production followed the NH3-N removal pattern, which indicates a correlation 
between sludge production and NH3-N removal. As shown in the graph below, an increase in 
sludge production indicates an increase in NH3-N removal.  The doses between 1,000 mg/L 
and 2,500 mg/L produced less than 20% of wet sludge volume while doses from 3,000 mg/L 
to 5,000 mg/L produced 30% to 35% of wet sludge volume. 
 
 
Figure 4-13: Wet sludge production at various anhydrous ferric chloride dose at pH 7.0 
 
4.3.2.3 Possible cause of difference in results between first and second batch experiments. 
The physical method of sludge generation was also used to analyse for the possible cause of 
the difference in the results of first batch and second batch experiments with anhydrous ferric 
chlorides. These sludge generation results are presented in Figure 4-14. According to Figure 
4-14, the sludge generation from the two batches was very minimal however, could still be one 
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removal results). The second batch experiments with anhydrous ferric chloride showed more 
sludge production at a dose of 2,000 mg/L than the first batch experiments with anhydrous 
ferric chloride. As mentioned elsewhere, sludge produced could possible result in NH4
+ ions 
attaching to the metal salts precipitates during coagulation–flocculation resulting in ammonia 
nitrogen removal (Aguilar et al., 2002). Therefore, more sludge produced could possibly also 
assist in removal of ammonia nitrogen. However, this theory is challenged by the results 




Figure 4-14: Wet sludge production with first batch and second batch experiments. 
Moreover, there could be other reasons that led to the difference in the results of first batch and 
second batch experiments with anhydrous ferric chlorides used. Such as analytical problems 
that could be caused by the machinery used just to name a few. However, more in-depth 
analyses are needed to determine the possible cause. 
 
4.3.3 Experiments with hexahydrate ferric chloride 
Due to the problem with the availability of anhydrous ferric chloride from the suppliers at the 
time of the study, hexahydrate ferric chloride (FeCl3.6H2O) was used in this study for 
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the dosages used in achieving high NH3-N removal with anhydrous ferric chloride. Doses of 
anhydrous ferric chloride (1,800 mg/L, 2,000 mg/L and 2,500 mg/L) were multiplied by a 
factor of 1.67 to take care of the six water molecules (FeCl3.6H2O) present in hexahydrate 
ferric chloride, to produce the same mass of anhydrous ferric chloride used in the first batch 
experiments. These experiments were performed at a constant initial raw leachate pH of pH 
7.0, adjusted using hydrochloride acid. The supernatant was then analysed for NH3-N, COD 
and turbidity. The multiplication factor was calculated using the following equation; 
 
 
Factor =  
Molecular mass of hexahydrate ferric chloride 
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎𝑛ℎ𝑦𝑑𝑟𝑜𝑢𝑠 𝑓𝑒𝑟𝑟𝑖𝑐 𝑐ℎ𝑙𝑜𝑟𝑖𝑑𝑒
 
                            = 270.30 g/mol 
                               162.21 g/mol 
                            = 1.67 
 (26) 
where: 
 molecular mass of anhydrous ferric chloride, FeCl3, M = 162.21 g/mol 
 molecular mass of hexahydrate ferric chloride FeCl3.6H2O, M = 270.30 g/mol 
 
The results are presented in Figure 4-15. In this case, it was found that the experiments 
conducted using hexahydrate ferric chloride could not reproduce the initial results achieved 
using anhydrous ferric chloride (first batch experiments). As shown in Figure 4-15, the highest 
NH3-N removal observed was 9.24% at the optimum dose of 3,000 mg/L. Aguilar et al. (2002) 
found similar NH3-N results (<10%) with ferric chloride using the coagulation–flocculation 
method to treat an effluent from a slaughterhouse. The highest COD reductions achieved with 
hexahydrate ferric chloride was 26.24% at a high dose of 5,000 mg/L. Moreover, hexahydrate 
ferric chloride showed an increase in turbidity concentrations in the supernatant with increasing 






Figure 4-15: Effect of hexahydrate ferric chloride on the removal of NH3-N, COD and 
turbidity at pH 7.0. 
 
a) Wet sludge volume  
The wet sludge volume produced by these experiments was estimated to be between 2% and 
35% of the total treated leachate volume across the coagulant dose range. The doses between 
1,000 mg/L and 2,500 mg/L produced less than 20% of wet sludge volume while doses from 
3,000 mg/L to 5,000 mg/L produced 30%–35% of wet sludge volume. More information on 
these experiments is presented in Figure 4-16 and Appendix H. 
 
b) Possible difference 
As shown in Figure 4-16, the sludge generation between the anhydrous ferric chlorides and 
hexahydrate ferric chloride was different and that could be one of the cause of the difference 
in the treatment results (ammonia nitrogen, COD and turbidity removal results). Generally, 
hexahydrate ferric chloride produced less sludge compared to anhydrous ferric chloride, which 
might have contributed to lower ammonia nitrogen reductions. Aguilar et al. (2002) reported 
on possible ways ammonia nitrogen could be removed from wastewater through a coagulation–
flocculation technique. These include ammonium ions adsorbing onto the hydrolysed products 
produced by metal ions during coagulation–flocculation, hence resulting in ammonia nitrogen 
removal. That study also highlighted NH4
+ ions being removed as they attach to the surface of 






























further explained that NH4
+ ions sometimes attach to metal salt precipitates during 
coagulation–flocculation, resulting in ammonia nitrogen removal. 
 
 
Figure 4-16: Wet sludge volume production of hexahydrate ferric chloride (adjusted to dry 
weight) and anhydrous ferric chloride. 
 
Moreover, there could be other reasons that led to the difference in the results of anhydrous 
ferric chlorides experiments and hexahydrate ferric chloride experiments. Such as analytical 
problems that could be caused by the machinery used just to name a few. However, more in-
depth analyses are needed to determine the possible cause. 
 
4.3.4 Other variables investigated 
4.3.4.1 Effect of adding polyelectrolytes to coagulants (hexahydrate ferric chloride) 
The addition of polyelectrolytes to the coagulant (hexahydrate ferric chloride) was also 
investigated. These experiments were conducted by interacting hexahydrate ferric chloride 
with cationic commercial polyelectrolytes such as Magnesol 598, Crystalfloc and Magnafloc 
LT7991. As mentioned elsewhere in this study, the primary role of polyelectrolytes is to aid 






































leachate. The polyelectrolytes were used at 0.1% to 2.5% of the leachate sample (1 to 25 mL/L 
during flocculation stage), whereas the hexahydrate ferric chloride dose was kept constant at a 
dose of 3,000 mg/L.  
 
As shown in Figure 4-17, the addition of polyelectrolytes slightly reduced the NH3-N removal 
with increasing polyelectrolytes doses. The condition to this could be because the 
polyelectrolytes used were from the polyacrylamide family. According to some studies 
polyacrylamides are known to be a source of organic nitrogen (Kay-Shoemake et al., 1998). 
With this condition, the results are expected to show a linear decline in NH3-N removal such 
as the results of hexahydrate ferric chloride with Crystalfloc. However, a different pattern (non-
linear decline) is shown by hexahydrate ferric chloride with Magnesol 598 and hexahydrate 
ferric chloride with Magnafloc LT7991. Some other things (analytical problems) could have 
happened that led to this difference in patterns. However, this study did not investigate more 
on this. Summary results data of these experiments is presented in Appendix I. 
 
 
Figure 4-17: Effect of polyelectrolyte addition on NH3-N removal at optimum hexahydrate 
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A different pattern was observed with COD removal only with the addition of Magnesol 589, 
as indicated in Figure 4-18. An increase in COD reduction was observed with increasing ferric 
chloride dose from 1,000 mg/L to 5,000 mg/L, achieving a maximum of 45% at 5,000 mg/L. 
Thereafter, the COD reductions decreased. From the results obtained with addition of 
Crystalfloc and Magnafloc LT7991, a decline in COD reductions was observed with increasing 
polyelectrolyte dosages. According to these results, it may be stated that the polyelectrolytes 
used in this study do not improve the removal results of NH3-N and COD. Very low COD 
reductions (1% to 40%) were also observed by Tsatsi et al. (2003) when adding flocculants to 
ferric chloride in treating sanitary landfill leachate through coagulation–flocculation. 
 
 
Figure 4-18: Effect of polyelectrolyte addition on COD removal at optimum hexahydrate 
ferric chloride dose (3,000 mg/L). 
 
Turbidity reduction results are shown in Figure 4-19. All the experiments with results above 
the raw leachate turbidity concentrations (red) indicate no turbidity reductions. Gel-like flocs 
that do not settle were observed with the addition of Crystalfloc to hexahydrate ferric chloride. 
This increased the turbidity concentration of the supernatant, as indicated by Figure 50. 
Experiments with hexahydrate ferric chloride and Magnesol 586 obtained high turbidity 
reductions with increasing polyelectrolyte dose. The turbidity reductions obtained were 90%, 
87%, 71% and 69% at doses of 20 ml/L, 5.0 ml/L, 10 ml/L and 4.0 ml/L respectively. 
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67% were observed at polyelectrolyte doses of 3.0 ml/L, 5.0 ml/L and 15 ml/L respectively. 
Aziz et al. (2007) observed that flocculants did not improve removal of COD, turbidity or 
colour after adding them to coagulants when treating young leachates. This study agrees with 
their statement with regard to NH3-N and COD removal. However, good reductions of turbidity 




Figure 4-19: Effect of polyelectrolyte addition on turbidity concentrations at optimum 
hexahydrate ferric chloride dose (3,000 mg/L). 
 
c) Wet sludge volume  
As mentioned earlier, gel-like flocs that did not settle were observed with addition of 
Crystalfloc to hexahydrate ferric chloride; therefore sludge measurements could not be 
performed. The wet sludge production estimates are shown in Figure 4-20. Experiments with 
Magnesol 589 addition to hexahydrate ferric chloride showed an increase in wet sludge 
production with increasing polyelectrolyte doses. A maximum of 64% of wet sludge production 
was observed with high polyelectrolyte dose (30 ml/L). However, experiments with the 
addition of Magnafloc LT7991 obtained a tremendous reduction in wet sludge production with 
increasing polyelectrolyte doses. As shown in Figure 4-20, Magnafloc LT7991 reduced the 
































experiments by Amokrane et al. (1997) observed that cationic polymers were not effective in 
reducing sludge production in landfill leachates. The results with Magnesol 589 produced by 
this study agree with those of Amokrane et al. (1997). However, experiments with addition of 
Magnafloc LT7991 proved to be effective in reducing sludge production. 
 
Figure 4-20: Effect of polyelectrolyte on wet sludge production at optimum hexahydrate ferric 
chloride dose (3,000 mg/L). 
 
4.3.4.2 Experiments with alum as a coagulant at different pH 
According to other studies alum yields the best treatment results at an optimal pH between 6.0 
and 10.0 (Amokrane et al., 1997; Aziz et al., 2007; Marañón et al., 2010; Tsatsi et al., 2003). 
In this study both pH and alum dosages were varied. The pH was adjusted to pH 7.0, 8.0, 9.0, 
10.0, 11.0 and 12.0 using sodium hydroxide. The alum dosages were varied from 1,000 mg/L 
to 11,000 mg/L. The supernatant was tested for NH3-N, COD and turbidity for each pH level. 
The wet sludge volume generation was also measured to monitor the influence of pH and alum 
doses on its production. The results are presented in Figure 4-21. 
 
As shown in Figure 4-21, very significant NH3-N removal was observed before the 
coagulation–flocculation process, after the pH was adjusted from pH 9.0 to pH 10.0. A 
minimum of 8.7% was recorded at pH 9.0 while pH 10 recorded a high of 39.6%. These NH3-
N reductions are likely to be because of a process called volatilisation where NH4
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air as gaseous NH3 (Terry, Nelson, Sommers, & Meyer, 1978). Terry et al. (1978) further 
explains that at pH 9.0 there is an increase of OH- concentrations in the solution that cause the 
shift of NH4
+ ions and NH3 dynamic equilibrium, hence favouring the loss of NH4
+ by 
volatilisation (as gaseous NH3). However, a decrease in NH3-N removal was observed at pH 
10 with an increase in alum doses. 
 
A significant increase in NH3-N removal with increasing alum dose was observed at pH 9, 
achieving a maximum of 17.4% at a dose of 10,000 mg/L. This could be due to re-dispersion 
of coagulated particles that takes place with high pH values, hence NH3-N removal through 
sweep flocculation. Thereafter a decrease was observed with further increases in alum dose. 
The two neutral pH levels (7.0 and 8.0) showed a fluctuating, low NH3-N removal with 
increasing alum doses. They both achieved their maximum NH3-N removals (10.7% and 11.9% 
respectively) at high doses of 11,000 mg/L. Overall, alum at neutral pH levels performed 
similarly to hexahydrate ferric chloride at low dosages (<10% NH3-N removal). 
 
 
Figure 4-21: Effect of pH on NH3-N removal at various alum dosages. 
 
As shown in Figure 4-22, significant COD reductions were observed at pH 7.0 and pH 8.0 with 
increasing alum dose. A maximum reduction of 37.3% was achieved at pH 7.0 at an alum dose 
































observed. Experiments at pH 9.0 seemed to yield fluctuating COD results, achieving high COD 
reduction of 30% at a coagulant dose of 5,000 mg/L. Not much change in COD reduction was 
observed at pH 10.0 with increasing coagulant dose. This pattern is likely to have been 
prompted by volatilisation process. Overall, hexahydrate ferric chloride performed better in 
COD reductions at low pH 5.0 and 5.5 (55% and 56%), while alum (9,000 mg/L) performed 
relatively better at pH 7.0 and 8.0, achieving 33% and 27% respectively. 
 
Over 35% of turbidity was removed by adjusting the leachate pH from pH 7.0 to pH 10.0 before 
the coagulation process, as shown in Figure 4-23. A maximum turbidity reduction (54%) was 
observed at pH 10.0 at an alum dose of 7,000 mg/L. Aziz et al. (2007) also observed high 
turbidity removal results (82%) when treating a semi-aerobic landfill leachate at pH 12.0. An 
increase of over 200% in turbidity concentrations was observed at pH 7.0 and 8.0 with 
increasing alum doses. Generally, pH 9.0 and pH 10 did not show much change in turbidity 
reductions with increasing alum doses, as shown in Figure 4-23. Overall, hexahydrate ferric 
chloride performed better in turbidity reductions at low pH 5 and pH 5.5 (87% and 82%) than 
alum at high pH levels. 
 
 
































Figure 4-23: Effect of pH on turbidity removal at various alum dosages. 
 
a) Initial pH and final pH with alum as a coagulant  
In experiments where a biological process follows the coagulation–flocculation treatment, the 
final pH of the supernatant has to be considered and controlled. In biological experiments, the 
pH can limit the nitrification process by inhibiting the growth of nitrification (van Loosdrecht 
et al., 2016). According to van Loosdrecht et al. (2016) and Mihelcic and Zimmerman (2013) 
the nitrifiers (bacteria) thrive at pH between 7.5 and 8.5 but nitrification process can still take 
place at pH between 6.5 and 7.0. Therefore, this study also considered the final pH of the 
supernatant after coagulation–flocculation treatment. As shown in Figure 4-24, experiments at 
pH values between pH 9.0 and pH 10.0 yielded alkaline supernatants (> pH 8.5) which are 
likely to limit the nitrification process. Therefore, if such supernatants are to be used in a 
nitrification process, their pH levels will require adjustment to favourable conditions using 
hydrochloric acid. Experiments at pH 7.0 and pH 8.0 yield supernatants favourable for 
nitrification processes except experiments with alum dose values beyond 7,000 mg/L. These 
supernatants below pH 6.5 require adjustment with sodium hydroxide to raise the pH to 



































Figure 4-24: Supernatant final pH after coagulation–flocculation with various alum dosages. 
 
4.3.5 Optimisation investigations 
The coagulant doses were optimised for the effect of pH, mixing regimes and settling time. 
These investigations were conducted with hexahydrate ferric chloride only. The aim of the 
optimisation analyses was to establish the optimum conditions that yield the highest removal 
of ammonia nitrogen, COD and turbidity, with low sludge generation. Optimisation employed 
jar tests as batch analysis. 
 
4.3.5.1 Effect of pH on coagulant dosage 
Experiments were conducted without adjusting pH, at raw leachate pH (7.92) using different 
coagulant (hexahydrate ferric chloride) doses (0, 1.0, 1.5, 1.8, 2.0, 2.5, 3.0 and 3.5 g/L). This 
was to compare with the previous results after adjusting pH to pH 7.0. In these experiments, 
only NH3-N was analysed from the supernatant. The results in Figure 4-25 shows that the 
reductions of NH3-N with the raw leachate original pH (7.92) were very low (maximum of 7% 
at a coagulant dose of 5,000 mg/L) compared with those of pH 7.0 (9.5% at a coagulant dose 
of 3,000 mg/L ). However, it was observed that the removal efficiency at pH 7.92 increased 
with increasing coagulant dose, achieving the highest value of 7.0% at a dose of 5, 000 mg/L. 






















iron salts ranges between 5.0 and 7.0. Moreover, NH3-N analyses were carried out after 
adjusting the pH to pH 7.0 without any coagulant dose. An insignificant ammonia nitrogen 
removal of 4.0 % was observed, as shown Figure 4-25. 
 
 
Figure 4-25: Effect of pH and hexahydrate ferric chloride (FeCl3.6H2O) dosages on ammonia 
nitrogen removal. 
 
4.3.5.2 Effect of pH on optimal coagulant (hexahydrate ferric chloride) dose 
In coagulation–flocculation, pH is a key variable. In acid conditions, metal coagulants 
dissociate in solution and release ions (Fe3+ or Al3+) that are responsible for the coagulation 
process ( Aziz et al., 2007; Tsatsi et al., 2003). These experiments were carried out by adding 
hydrochloric acid (1.0N) to adjust the raw leachate pH from 5.5 to 7.0, and 1.0N sodium 
hydroxide to adjust the leachate to pH 9.0. The coagulant (hexahydrate ferric chloride) doses 
were kept constant at 3,000 mg/L and the influence of pH was evaluated. The supernatant was 
analysed for NH3-N, COD and turbidity. Also, the wet sludge volume generation was observed 
to monitor the influence of pH on its production. As shown in Figure 4-26, high NH3-N removal 
of 16% and 16.1% were observed at low pH 5.0 and high pH 9.0 respectively. In addition, high 
NH3-N removals of 16% and 10.2% were still observed without the addition of a coagulant (0 

































0 mg/L) happened in the absence of sludge formation. A likely possible cause of these results 
could be the analytical problems by the machinery or any other possible reason not investigated 
by this study. According to Terry et al. (1978), at pH 9.0 there is an increase of OH- 
concentration in the solution that causes the shift of the NH4
+ and NH3 dynamic equilibrium, 
hence favouring the loss of NH4
+ by volatilisation (as gaseous NH3). However, at pH 5.0, the 
dynamic equilibrium shifts in favour of NH4
+, hence volatilisation will not take place (Terry et 
al., 1978).  Therefore, this study could not attribute the loss of ammonium at pH 5.0 (0 mg/L) 
to any factor. As the pH levels were varied from 5.0 to 6.5, a decrease in NH3-N removal was 
observed both with and without coagulant dose. 
 
A similar removal pattern was noticed with COD in Figure 4-27. About 55% and 56% COD 
removals were observed at the lower pH value of pH 5.0 and pH 5.5 respectively. Thereafter, 
a decrease in COD removal was observed from pH 6.0 (27%) to pH 9.0 (9.5%). Turbidity 
results also agrees with NH3-N removal, however turbidity analyses were conducted only on 
supernatants after coagulation–flocculation. Highest turbidity removals were observed at pH 
5.0 (87%) and pH 5.5 (82%), as shown in Figure 4-27. Similar high turbidity results were 
achieved in different studies: both Aziz et al. (2007) and Marañón et al. (2010) observed 
turbidity removal of 94% each with ferric chloride at pH 4.0 and pH 5.0 to 5.5 respectively. 
 
 































Figure 4-27: Effect of pH on NH3-N, COD and turbidity removal at 3.0 g/L of FeCl3.6H2O. 
 
4.3.5.3 Wet sludge volume  
No sludge was produced by adjusting leachate pH without a coagulant addition. However, 
NH3-N removals of 16% and 10.2% were still observed without the addition of a coagulant at 
low pH 5.0 and high pH 9.0 respectively (Figure 4-26). As mentioned earlier the likely possible 
cause of these results could have been analytical problems by the machinery or any other 
possible reason not investigated by this study. The wet sludge volume produced by these 
experiments was estimated to be between 16% and 40% of the total treated leachate volume 
across the coagulant dose. High sludge generation (40%) was observed after coagulation 
process at pH 5.5 and the lowest (16%) was observed at pH 6.5. More information on these 

















































0 5.0 None 
Foams during pH adjustment, no colour 
changed, no flocs formed. 
3,000 5.0 23 
Foams during pH adjustment and 
coagulation, colour reduced, 23% flocs, 
grey flocs formed. 
0 5.5 None 
Foams during pH adjustment, no colour 
changed, no flocs formed. 
3,000 5.5 40 
Foams during coagulation, colour reduced, 
40% flocs, grey flocs formed. 
0 6.0 None 
Foams during pH adjustment, no colour 
changed, no flocs formed. 
3,000 6.0 23 
Foams during coagulation, no colour 
changed, 23% flocs, grey flocs formed. 
0 6.5 None 
Foams during pH adjustment, no colour 
changed, no flocs formed. 
3,000 6.5 16 
Foams coagulation, co colour change, 16 % 
flocs, grey flocs formed. 
0 7.0 None 
No foaming, no colour changed, no flocs 
formed. 
3,000 7.0 30 
No foaming during coagulation, slight 
colour reduced, 30% flocs, and grey flocs 
formed. 
0 9.0 None 
Foaming, no colour changed, no flocs 
formed. 
3,000 9.0 20 
No foaming during coagulation, colour 
reduced, 20% flocs, brown flocs. 
 
 






























4.3.5.4 Effect of varying mixing regimes  
Optimisation of the coagulation–flocculation process depends on the mixing regime. The 
objective of coagulation is to destabilise the colloids using a coagulant. Particle destabilisation 
involves particles transported to the contact site and particle destabilisation (Kang, 1994). 
Destabilisation is based on rapid speed and long mixing time used to achieve a complete mixing 
of leachate/wastewater with coagulants. In these experiments the mixing speed and mixing 
time varied from 70 to 600 rpm and 1 to 15 minutes, respectively. Rapid mix was followed by 
flocculation, where slow mixing was used to enhance the contact between destabilised 
particles. The flocculation stage is used to promote the growth of the destabilised floc by 
promoting particle to particle contact (Kang, 1994). The slow mixing speeds and slow mixing 
time varied from 10 to 60 rpm and 5 to 30 minutes respectively.  Thereafter the particles were 
allowed to settle by gravity for 10 to 300 minutes. The mixing base conditions are presented in 
Table 4-5. 
 

























Effects of rapid 
mixing speed 




3,000 4 70–600 20 30 30 
Varying rapid 
mixing time 
3,000 1–15 100 20 30 30 
Effects of slow 
mixing speed 





3,000 4 100 20 10–60 30 
Varying slow 
mixing time 
3,000 4 100 5–30 30 30 
Effects of 




3,000 4 100 20 30 10–300 
 
a) Effects of rapid mixing speed and rapid mixing period 
Figure 4-29 shows the effect of various mixing speeds on NH3-N, COD and turbidity removal 
with optimal dose of FeCl3.6H2O.  It was observed that varying the mixing speeds did not 
improve the NH3-N removal as <9.0% was achieved. The mixing speeds between 70 and 200 
rpm produced very similar NH3-N reduction results, while beyond 200 rpm less than 7.0% of 




high mixing > 200 rpm disturb the process of complete mixing of particles, hence affecting the 
treatment efficiency (Kang, 1994). A similar pattern was observed with COD reductions. Low 
(13.7%) COD reductions were achieved at 70 rpm, while at 100 rpm and beyond, very similar 
reductions of less than 17% were observed. High turbidity reductions (23.6%) were obtained 
at 70 rpm, and thereafter lower reductions were observed with increasingly rapid mixing 
speeds. 
 
A similar removal pattern was also noticed with rapid mixing time in Figure 4-30. Maximum 
reductions of 8.9% of NH3-N, 16.9% of COD and 11.5% of turbidity were achieved at an 
optimum rapid mixing time of four minutes. All the rapid mixing times investigated (1, 4, 10 
and 15 minutes) exhibited similar NH3-N and COD removal patterns.  However, turbidity 
reductions decreased with increasing rapid mixing times, showing a 62.8% increase in turbidity 
of the solution at 15 minutes. For these experiments, the rapid mixing regime did not improve 
NH3-N, COD and turbidity removals. 
 
 
Figure 4-29: Effect of rapid mixing speed on NH3-N, COD and turbidity removal, at 3.0 g/L 
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Figure 4-30: Effect of rapid mixing time on NH3-N, COD and turbidity removal, at 3.0 g/L of 
FeCl3.6H2O. Rapid mixing speed, slow mixing regime and settling time were fixed (Table 4-5). 
 
b) Effects of slow mixing velocity and slow mixing time 
A similar removal pattern was also noticed with slow mixing speed as shown in Figure 4-31. 
A maximum of 9.0% NH3-N, 17% COD and 18.0% turbidity reductions were achieved at an 
optimum slow mixing speed of 30 rpm. All the slow mixing times investigated (10, 20, 30 and 
60 minutes) exhibited similar NH3-N and COD removal patterns. However, turbidity 
reductions decreased with increasing slow mixing speed showing an increase of 11.0% of 
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Figure 4-31: Effect of slow mixing speed on NH3-N, COD and turbidity removal, at 3.0 g/L of 
FeCl3.6H2O. Slow mixing time, rapid mixing regime and settling time were fixed (Table 4-5). 
 
The results of changing the slow mixing time are presented in Figure 4-32. The pollutant 
reductions increased with longer slow mixing times, obtaining maximum reductions of 9.0% 
NH3-N, 17.0% COD and 12.0% turbidity at slow mixing time of 20 minutes. The removal 
efficiency was then reduced after 20 minutes of slow mixing, showing a low of 8.0% for NH3-
N and 15.0% for COD. A similar removal pattern was also noticed with turbidity, eventually 
producing an increased turbidity at 30 minutes. In short, these experiments with a slow mixing 






























Figure 4-32: Effect of slow mixing time on NH3-N, COD and turbidity removal, at 3.0 g/L of 
FeCl3.6H2O. Slow mixing speed, rapid mixing regime and settling time were fixed (Table 4-5). 
 
c) Effects of settling period 
As shown in Figure 4-33 a maximum of 10.0% NH3-N, 17.0% COD and 12.0% turbidity 
reductions were achieved at an optimum settling period of 30 minutes. These experiments 
exhibited similar NH3-N, COD and turbidity removal patterns.  However, increase in turbidity 
concentrations were observed at settling times between 50 to 290 minutes. Thereafter, only 
3.4% turbidity removal was observed. In summary, long settling periods also did not improve 
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Figure 4-33: Effect of settling time on NH3-N, COD and turbidity removal, at 3.0 g/L of 
FeCl3.6H2O. Rapid mixing speed regime and slow mixing regime were fixed (Table 4-5). 
 
Optimisation of the coagulation–flocculation process is known to depend on the mixing regime. 
However, in these experiments varying mixing regimes did not have much effect on NH3-N 




Coagulation–flocculation results from the first and second batch experiments at pH 7.0 showed 
that anhydrous ferric chloride was a better coagulant than alum in treatment of landfill leachate. 
The first batch experiment results showed 36.5% and 14.5% NH3-N reductions with anhydrous 
ferric chloride and alum respectively. Moreover, 50.7% COD and 76.7% colour reductions 
were achieved with anhydrous ferric chloride at low dose (2,000 mg/L and 3,500 mg/L 
respectively), while alum achieved 36% COD and 88.1% colour reductions only at high doses 
(14,000 mg/L each). Furthermore, anhydrous ferric chloride showed a 47.0% reduction in 
turbidity, while alum caused an increase in turbidity concentrations with increasing alum doses 
from 1,000 to 14,000 mg/L. The second batch experiments were conducted at a later stage with 

























maximum of 20.4% and 28.5% of NH3-N and COD removal respectively at a dose of 2,000 
mg/L. In summary, these experiments obtained low results as compared to the second batch 
results with anhydrous ferric chloride. However, these experiments still exhibit anhydrous 
ferric chloride as a more effective coagulant than alum in treatment of landfill leachate. 
 
However, a change in the percentage removal of pollutants (NH3-N, COD and turbidity) was 
observed with hexahydrate ferric chloride at similar doses and pH (7.0). The highest reductions 
in NH3-N, COD and turbidity achieved by hexahydrate ferric chloride (FeCl3.6H2O) were 
9.0%, 26% and 38.7% respectively. The interaction of cationic polyelectrolytes (Magnesol 598, 
Crystalfloc and Magnafloc LT7991) and FeCl3.6H2O was also investigated. A decline in NH3-
N removal was observed with the addition of cationic polyelectrolytes. A similar pattern was 
observed with COD reductions. However, a combination of 3,000 mg/L of FeCl3.6H2O and 5 
ml/L of Magnesol 598 obtained a maximum COD reduction of 45.0%. Moreover, the 
interaction between FeCl3.6H2O and Magnesol 598 showed a good performance in turbidity 
removal compared with other combinations: a maximum of 93.7% turbidity removal was 
achieved at 3,000 mg/L of FeCl3.6H2O and 30 ml/L of Magnesol 598. 
 
Experiments with the optimisation of pH achieved 17.0%, 16.0%, 11.0% and 10.0% reductions 
of NH3-N with pH values of pH 9.0, pH 5.0, pH 5.5 and pH 7.0 respectively. However, 
experiments at pH 5.0 and 5.5 were not ideal for this study due to their impracticability, while 
pH 9.0 caused volatilisation of free ammonia, therefore this pH was not also ideal for this study. 
Experiments with varying pH (from pH 7.0 to pH 10.0) and varying coagulant doses were also 
conducted with alum. However, experiments at pH 9.0 to 10.0 were suspected of volatilisation 
of free ammonia and were considered not ideal for this study. Experiments at pH 7.0 and 8.0 
showed high NH3-N removals of 10.7% and 11.9% respectively, at a high dose of 11,000 mg/L 
with alum. These pH values (7.0 and 8.0) also achieved maximum COD reduction of 37.3% 
and 34.8% respectively at a dose of 11,000 mg/L of alum. 
 
Therefore, based on optimisation, the ideal coagulant found by this study was hexahydrate 
ferric chloride, achieving 10.0% reduction of NH3-N at the optimal pH value of pH 7.0 and at 
an optimal dose of 3,000 mg/L. However, generally, anhydrous ferric chloride exhibited higher 
NH3-N removal of over 20% optimal pH value of pH 7.0 and at a dose of 2,000 mg/L. 
Therefore, based on these results, this study consider anhydrous ferric chloride an ideal 




The use of anhydrous ferric chloride for treating NH3-N from landfill leachate through 
coagulation–flocculation method will only reduce NH3-N from leachate by ≈20.0% (from 
2,260 mg/L to 1,808 mg/L). This leachate still contains very high NH3-N concentrations, not 
friendly to the environment and therefore very toxic to aquatic life in receiving water bodies. 
This leachate would still potentially deplete dissolved oxygen and contribute to eutrophication 
and in the surrounding water bodies. Most importantly, this leachate would still impact 
negatively on the wastewater treatment processes hence the landfill owners would still be 
charged for treating their leachate at wastewater treatment plants. Overall, NH3-N treatment 
through coagulation–flocculation alone would still retain all the initial leachate concerns in the 
environment, therefore not ideal. Therefore, the possibility of treating ammonia nitrogen 

















CHAPTER 5. Adsorption method: Option 2 
 
For this study, the aim is to investigate the adsorption potential of local soils mainly found 
within the landfill site and their suitability for ammonia nitrogen removal from landfill 
leachate. Zeolite soil was also investigated. However, the use of zeolite allows a check to see 
the best likely adsorption performance. It might not be cost effective to use zeolite, but gives 
an idea of what might be achieved, and allows comparison of the site-specific soils to a 
reference material that we know has been used to remove ammonia. 
5.1 Materials and methods 
5.1.1 Local soils (sorbents) 
Four different disturbed soil samples were obtained from a local landfill site using a shovel or 
soil auger and immediately sealed in one-litre plastic containers as shown in Figure 5-1. These 
soils were type A, type B, type C (sediment from a water storage pond), and type D (sediment 
from a stormwater sedimentation pond). The soils were immediately transported to the 
University of Canterbury environmental laboratory and refrigerated to 4ºC. This was to prevent 
the organic matter component of the soils from decomposing, which could be important in 
ammonia nitrogen removal. Most of these soils are associated with having high organic matter, 
which has the potential to assist in the removal of ammonia nitrogen. Virtually, type C soil is 
very dark in colour with approximated organic content of 5% while type D has a dark colour 
with an approximate organic content of 3.5%, as shown in Table 5-1. These colours were 
identified virtually and then matched with their organic contents as shown in Table 5-1. Soils 
with higher clay content are expected to assist with ammonia nitrogen sorption. Types A and 
B were sampled near calcium carbonate rocks. Calcium carbonate is also very important in the 
removal of ammonia nitrogen. High calcium carbonate in the soil could raise the leachate pH, 






Figure 5-1: Well sealed soils from a local landfill site. 
 
Table 5-1: Soils Characteristics. Adapted from USDA web. 
Soil type Colour Organic matter (%) 
A light 2.0 
B Light 2.0 
C Dark 3.5 
D Very dark 5.0 
 
5.1.1.1.Preparation of local Soils 
The four soil samples were kept and dried in a temperature controlled room (about 25 ºC and 
20 % humidity) for about seven days as shown in Figure 5-2. Following drying, the samples 
were then milled into very fine small particle sizes using IKA A11 basic hand mill as shown in 
Figure 5-3. Before grinding, stones, twigs, big particles and other organic content were 
removed as oversize to prevent malfunctioning of the mill. Coarse particles of about 10 mm 
and above in size usually lock the mill motor hence destroying the efficiency of the mill. 
Thereafter, the ground samples were put back into the controlled temperature room for another 
seven days complete drying before adsorption analysis. Finally, the samples were sealed into 
respective 1 L containers ready for analysis. Grinding/milling the soil samples increases the 






Figure 5-2: Soils sample drying up in a temperature controlled room: (a) temperature control 
room, (b) Type C spread in a tray for drying and (c) local soils drying in temperature control 
room. 
 






5.1.1.2.Local Soils chemical and physical analyses 
The mineralogical parameters of the four soil samples were extracted from a confidential 
hydrological investigation report conducted by the same local landfill from which they were 
sourced. The characteristics are presented in Table 5-2. Moreover, particle size distribution of 
the soil samples was determined using a sedimentation process with 151H and 152H 
hydrometers at the University of Canterbury geomechanics laboratory. The particle size 
distribution analyses were conducted according to the standard test method for particle size 
analysis of soils: ASTM standards D422-63 (2007). Seven glass cylinders of 1000 mL volume 
and 63.5 mm diameter were employed in the sedimentation process based on E100 
specifications of the ASTM hydrometers (Figure 5-4). A sodium hexametaphosphate solution 
was used to disperse the soil samples for 24 hours (Figure 5-4a). Thereafter, the settling of each 
soil sample was determined at various time intervals for 24 hours. The very fine particles were 
then removed by washing with water and oven dried at 105 ̊ C for 24 hours. Following the 
sedimentation process the soil samples were sieved (Figure 5-6) using a set of sieves as follows: 
 No. 8 (2.36mm) 
 No. 16 (1.18 mm) 
 No. 30 (600 µm) 
 No. 40 (425 µm) 
 No. 50 (300 µm) 
 No. 100 (150 µm) 
 No. 200 (75 µm) 
 
A summary of sieve analysis results is presented in Table 5-3. The AASHTO soil classification 
system (clay: <0.002 mm, silt: 0.002–0.06 mm and sand: 0.06–2 mm) was used to classify the 
soil samples used in this study. From the table, soil type A is composed of 15% clay, 51% silt 
and 34% sand therefore, classified as sandy SILT. Soil type B is similarly classified as silt 
SAND (13% clay, 39% silt and 48 % sand). Type C soil consist of 6% clay, 71% of sand and 
22% of silt hence classified as SAND with some silt whereas, type D is silt SAND (17% clay, 
36% silt and 47% sand). Finally, zeolite used had 39% clay, 51% silt and 9% sand. The higher 
the clay and silt components in a soil sample the more affinitive the particles are to ammonia 
nitrogen ions. The particle size distribution curve of each soil sample from sieve analysis and 






Figure 5-4: (a) Soils sample particles being dispersed with sodium hexametaphosphate 
solution. (b) Sample being agitated before sedimentation process. (c) Soil samples in glass 
cylinders and with timers ready for sedimentation process. (d) Hydrometer reading blank–





Figure 5-5: (a) Taking settling reading on soil type A at two minutes (b) Taking settling and 
temperature readings on soil type A at two minutes (c) Type B and type C soil samples awaiting 
settling and temperature readings at 24 hours’ time. 
 
 








Table 5-2: Local Soils Characteristics. (Adapted from local landfill hydrological investigation 
report). 
 Description/Value 
Soil type Type A Type B Type C Type D 
Characteristic     
Odour No odour No odour No odour No odour 
pH 8.5 8.55 8.65 8.60 
Cationic Exchange Capacity (CEC), 
meq/100 g 
6.0  6.0  1.2–5.6  1.2–5.6  
Total porosity, % 28 – 36  28 – 36  28–36 28–36 
Total nitrogen, % < 0.03  < 0.03  < 0.52 < 0.52 
Bulk density,  t/m3 1.73 - 1.90 
t/m3 
1.73 - 1.90 
t/m3 
1.78–1.90  1.78–1.90  
Quartz (SiO2), (%) <10 <10 10 – 52 10 – 52 
 
Table 5-3: Summary of Soils Classification Results From Sieve Analysis. 
Soil type Clay % Silt % Sand % Classification 
Type A 15 51 34 Sandy SILT  
Type B 13 39 48 Silty SAND 
Type C 7 22 71 Silty SAND 
Type D 17 36 48 Silty SAND 
Zeolite 40 51 9 Clay SILT 
 
5.1.2 Zeolite (sorbent) 
Zeolite was used as a guide and to check for the effectiveness of adsorption on ammonia 
removal from the leachate. The zeolite used in this study was supplied by Blue Pacific Minerals 
Company in the Central North Island of New Zealand. The very zeolite was milled and 
prepared by the supplier (Blue Pacific minerals) with most of particle size ranging from silt to 
clay (see results on Table 5-3 and Appendix J. The most important property is its ammonia 
exchange capacity (AEC) and CEC with values range of 88–118 meq/100 g and 70–97 
meq/100 g respectively. Its surface area ranges from 25–58 m2/g. More details are shown in 





Table 5-4: New Zealand Zeolite Characteristics. (Adapted from Safety data sheet and Blue 
Pacific Minerals web page – www.bpmnz.co.nz). 
Characteristic Description/Value 
Appearance Fine dust, of white/tan colour 
Odour No odour 
pH 8.65 
Cationic Exchange Capacity (CEC), meq/100 g 70-97  
Ammonia Exchange Capacity (AEC), meq/100 g 88–118  
Internal surface area, m2/g 25–58  
Specific gravity/density, g/cm3 0.65  
Silicon dioxide, w/w % < 10.0 
Aluminium oxide, mg/m3 10.0 
Iron (II) oxide, mg/m3 5.0 
Magnesium oxide, mg/m3 10.0 
Calcium oxide, mg/m3 2.0 
Titanium dioxide, mg/m3 10.0 
Quartz (SiO2), mg/m
3 
 Quartz, respirable dust 






5.2 Experimental method 
For each soil sample, batch adsorption of ammonia nitrogen removal was investigated at 
ambient temperature (20 ± 2ºC). Only batch equilibrium adsorption tests were conducted to 
investigate whether the local soils would absorb the ammonia nitrogen in the landfill leachate. 
The idea behind batch equilibrium test is that known quantity of sorbents are mixed with known 
concentrations of a solution (sorbate) until adsorption equilibrium is reached (Ruthven, 1981). 
In this study the batch adsorption of ammonia nitrogen removal was investigated in 250 mL 
bottles (Figure 5-7). For each batch 5.0 g of each dry soil sample was weighed and introduced 
into each bottle. About 700 ml of landfill leachate sample was adjusted from pH 7.92 (raw 
leachate pH) to a pH of about 6.0 and then each bottle fed with 100.0 mL of the leachate (Figure 




Previous studies have shown that the optimum conditions for batch adsorption of ammonia 
nitrogen removal are 50 g/L of sorbent (dry soil) and at a pH value of about 6.0 of sorbate 
(Haseena, Padmavathy, Krishnan, & Madhu, 2016; Li, Zhao, & Hao, 1999; Vijayakumar, 
Tamilarasan, & Dharmendirakumar, 2012; Wang et al., 2006). In addition, tests conducted by 
previous studies confirmed the contact time of 4 hours to be adequate to make ammonia 
nitrogen concentration reach equilibrium or steady state. Therefore, this study allowed at least 
4 hours of contact time for each soil sample. A mechanical stirrer was used to stir the mixture 
for at least 4 hours as mentioned above (Figure 5-7c). The samples were then allowed to settle 
for at least 30 minutes and the supernatant solution was carefully drawn and analysed for the 
remaining ammonia nitrogen (Figure 5-7de). The amount of ammonia nitrogen adsorption 











qe= equilibrium adsorption of ammonium nitrogen adsorption (mg/g) 
Co= initial ammonia nitrogen concentrations (mg/L) 
Ce= ammonia nitrogen concentrations at equilibrium (mg/L) 
V= volume of leachate solution (L) 










Co= initial ammonia nitrogen concentrations (mg/L), 






Figure 5-7: (a) Adjusting leachate pH to about 6.0 (b) Leachate ambient temperature kept 
constant (c) Batch adsorption experiment on soil type B. (d) Sample settling after 8 hours of 
mechanical stirring. (e) Analysing ammonia nitrogen concentrations using the distillation and 
titration method. 
 
During the batch adsorption test, visual observations were made including: 
 Settling time 
 Colour of supernatant 
 
5.3 Results and discussion 
5.3.1 Effect of soil type on equilibrium uptake capacity 
All the soil samples were analysed for ammonium removal by adsorption. The results are 
presented in Figure 5-8. The equilibrium ammonium removal capacity was found to be low in 
soil type A, B and D (1.69, 1.57 and 1.38 mg/g) respectively. It was very low in type C soil 




best when using zeolite achieving 9.15 mg/g (raw information in Appendix L). Similar results 
for equilibrium adsorption of ammonium were achieved by Wang et al., (2006) using zeolites 
on sewage sludge. He achieved equilibrium uptake capacity of 1.74 mg/g when using natural 
zeolite on sewage sludge with an initial ammonium concentration of 115.16 mg/L. The high 
equilibrium adsorption of ammonium with zeolite is due to its high cation exchange properties 
(CEC). As shown in Figure 5-8 zeolite had a very high CEC of 80 meq/100 g. Previous results 
by Nguyen and Tanner (1998) found that the higher the cation exchange properties of zeolite, 
the higher the potential for removing ammonium from wastewaters. On the contrary all the 




Figure 5-8: Ammonium adsorption rate and CEC for different soils. 
 
5.3.2 Effect of soil type on ammonium removal 
The results for percentage ammonium removal using different soils are shown in Figure 5-9. 
The ammonium removal percentage was found to be low in soil type A, B and D (3.97%, 3.7% 
and 3.3%) a respectively. It was very low in type C soil achieving only 0.6%. As expected, 
zeolite achieved high ammonium removal of ~23%. Moreover, similar results were achieved 
by Wang et al., (2006) using zeolites on sewage sludge. He achieved ammonium removal 
percentage of ~20% when using natural zeolite on sewage sludge with an initial ammonium 

























































cation exchange properties and also its clay content as indicated by previous studies. High 
cation exchange properties and clay content results in the high affinity for cations, hence high 
potential for ammonia removal from wastewaters or landfill leachate (Haseena et al., 2016; 
Karadag et al., 2008; Nguyen & Tanner, 1998; Wang et al., 2006). More information of these 
experiments is presented in first batch results in Appendix L. 
 
 
Figure 5-9: Percentage ammonium removal from landfill leachate using different soils. 
 
5.3.3 Effect of clay and silt content on ammonium removal 
The variation in ammonium removal with clay and silt content using different soils is shown 
in Figure 5-10 and Figure 5-11. The ammonium removal percentage was found to be high in 
soil samples with high clay content and lower in soil with low clay content as shown in Figure 
5-10. Zeolite had clay content of 40% with ammonia removal of ~23%.  Soil types A, B and D 
had clay/silt contents of 15%, 13% and 17% respectively hence achieving ammonium removal 
in the range of 3.0% to 4.0%. On the other hand, type C soil had only 7.0% clay content and 
achieved only 0.6% of ammonium removal. Figure 5-11 shows the silt content of the soil 
samples. Two soils (Zeolite and type A) had high silt contents of 51% each but with different 
clay contents and ammonium adsorption. Zeolite achieved high (23%) ammonium adsorption 
while type A achieved very low (4.0%) with the same silt content. This shows that ammonium 
removal performance of soils depended on the clay content not silt content. As mentioned 


























ammonia removal from wastewaters or landfill leachate (Haseena et al., 2016; Karadag et al., 
2008; Nguyen & Tanner, 1998; Wang et al., 2006). Therefore, clay content is suitable for 
predicting ammonium adsorption of soils. 
 
 
Figure 5-10: Effect of clay on ammonium removal from landfill leachate using different soils. 
 
 
























































This study investigated the potential for removing ammonium from landfill leachate through 
adsorption using local soils and zeolite. All the four local soils used (type A, B, C and D) were 
found to be equally ineffective in removing ammonium from landfill leachate. They all 
achieved less than 5% ammonium removal. However, zeolite was found effective (23%) in 
removing ammonium from landfill leachate. The ammonium adsorption capacities of the four 
local soils studied ranged between 0.26 mg/g to 1.7 mg/g while, zeolite achieved ~9.15 mg/g. 
The ammonium adsorption performance of soils studied depended on clay content and cation 
exchange properties than silt. The ammonium removal was high in high clay content soils and 
low in low clay content soils. Zeolite had clay content of 40% with removal of ~23%. 
 
The capacity of the local soils to absorb ammonium could have possibly been inhibited by the 
presence of competing ions found in the leachates, such as K+, Na+, Mg2+ and Ca2+ (Haseena 
et al., 2016; Karadag et al., 2008; Nguyen & Tanner, 1998; Wang et al., 2006).  Moreover, 
lower clay content and the presence of organic matter could have had a negative effect on the 
capacity to remove ammonium by the four local soils. The practicality of using zeolite as a 
sorbent to remove ammonium from landfill leachate depends entirely on the cost to obtain it. 
Therefore, its commercial viability may not be very feasible for use in treating ammonium 





CHAPTER 6. System integration of coagulation–flocculation with biological 
nitrification: Option 3 
 
This chapter explores the role biological nitrification (with or without coagulation–
flocculation) might have in removing ammonia nitrogen from landfill leachate. As indicated in 
Chapter 4, treatment through coagulation–flocculation only reduced the ammonia nitrogen 
concentration by around 20% (from 2,260 mg/L to 1,800 mg/L). This leachate still contains 
very high ammonia nitrogen concentrations, not friendly to the environment or wastewater 
treatment processes and therefore very toxic to aquatic life in the receiving water bodies. To 
reduce this concentration further, a biological method was thought to be necessary. As 
mentioned before, van Loosdrecht et al. (2016) highlighted that the choice of a biological 
methods depend on the COD/N ratio of the wastewater. Therefore, in this study the average 
COD is about 4,300 mg/L and TKN is about 2,230 mg/L, which results in a COD/N ratio of 
about 2 g COD/g N. This falls in the band with COD/N ratio of less than 5 g COD/g N, hence 
making the nitrification method the biological treatment option worthy of study. 
 
This study investigated the integrated system of coagulation–flocculation (which obtained high 
COD removal results from experiments with hexahydrate ferric chloride) with a biological 
nitrification method. The removal of ammonia nitrogen through the nitrification method was 
assessed, monitored and controlled through sequencing batch activity tests that are discussed 
below. 
6.1 Materials and methods 
6.1.1 Activated sludge sample collection and preparation 
Nitrification is a biological process whereby ammonium is converted to nitrate by a specialised 
group of aerobic bacteria (Mihelcic & Zimmerman, 2013; van Loosdrecht et al., 2016). This 
group of bacteria are called Nitrosomonas and Nitrobacter. One of the sources of these bacteria 
is the activated sludge, which was collected from the wastewater treatment plant by drawing it 
from the return activated sludge sump. A pump was used to draw the mixed liquor sample into 
a bucket, which was immediately sealed and transported to the University of Canterbury 
environmental laboratory and stored at 4 °C while awaiting analysis. Storing the mixed liquor 
sample at 4 °C created non-aerated conditions to prevent the reduction of sulfate that could 
result in the production of toxic sulfide (van Loosdrecht et al., 2016). Before analysis, the 




could inhibit the treatment of ammonia nitrogen. The washing process entails repeated settling 
and resuspension of the mixed liquor sample in water at room temperature (at least three times). 
Figure 6-1 shows the mixed liquor sample washing processes. 
 
 
Figure 6-1: (a) Activated sludge sample sealed. (b) Settling mixed liquor sample during 
washing process. (c) Re-suspending the mixed liquor sample during washing process. 
 
6.1.2 Substrate 
The performance of the integration system of coagulation–flocculation with biological 
nitrification in treating ammonia nitrogen was investigated on leachate supernatants (substrate) 
from experiments with hexahydrate ferric chloride only. These experiments were selected 
based on COD removal performance obtained with hexahydrate ferric chloride. As shown in 
Figure 4-15 (Chapter 4), experiments with hexahydrate ferric chloride at a dose of 5,000 mg/L 
yielded the highest COD removal of 26%, while a dose of 4,200 mg/L achieved COD removal 
of 25%. Therefore, for logic and cost reasons this study selected substrate from experiments 
with hexahydrate ferric chloride at a dose of 4,200 mg/L that achieved COD removal of 25% 
for nitrification processes. The initial concentrations (COD, ammonium, pH, conductivity and 




6.2 Experimental method 
6.2.1 Sequencing batch test experiment - Nitrification batch activity tests 
The ammonium removal performance of the nitrification method was tracked through 
sequencing batch activity tests. Figure 6-2 shows the system integration schematic diagram. 
The process (chemical tracking) measured ammonium and nitrates concentrations over time. 
In addition, other parameters of interest assessed over time included COD, DO, pH, 
conductivity, mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended 
solids (MLVSS). All the analytical procedures followed the common detailed protocols 
standard methods (APHA et al., 2005) as detailed in Chapter 3. Two batches of experiments 
were conducted using sequencing batch reactors (SBR): first and second batch experiments. 
 
 
Figure 6-2: Integrated system set-up between coagulation–flocculation processes and 
nitrification processes. 
 
6.2.1.1 First batch experiments 
On the first batch experiments a total sample volume of 1,000 mL was used in a 2.0 L reactor 
(beaker) volume. The initial MLSS was measured and found to be about 8,000 mg/L. In the 
first feed about 500 mL (4,000 mg/L MLSS) of mixed liquor sample was transferred into a 2.0 
L beaker and 100 ml of substrate (coagulation-treated leachate) was added. A volume of water 
(400 mL) was also added to make it up to 1,000 mL of total sample volume. (In batch scale 
experiments, ammonium and COD leachate concentrations were diluted by a factor of 0.1). 
The solution was mixed with a magnetic stirrer and oxygen was supplied with an aeration 
system (Figure 6-3). Dissolved oxygen (DO) concentrations of not less than 0.5 mg/L were 
maintained to avoid it limiting the nitrification processes. Figure 6-3 shows the first batch set-
up. These experiments were conducted for 38 consecutive days at different feeds. Samples 




solution was allowed to settle, and then decanted in preparation for the next feed. The sample 
was analysed for ammonium, nitrates, COD, MLSS and MLVSS. The first feed schedule is 
presented in Table 6-1. 
 
 
Figure 6-3: First batch set-up. (b) Total sample volume of 1,000 mL. 
 
Table 6-1: Feed 1 Schedule. 
FEED 1 
Date Started 08/09/2016  
Description Nitrification test at about 20 °C with activated sludge 
Substrate Pretreated landfill leachate  
Total sampling volume 1,000 mL 
 500 mL Activated sludge (4,000 mg/L MLSS) 
 400 mL Water 
 
100 mL 
Leachate supernatant (ammonium concentration 50 
mg/L; COD 320 mg/L) 
Mixed volume initial 
concentration 
200 mg/L Solution ammonium concentration 
1,019 mg/L Total COD concentration of the solution 
Reactor volume 2.0 L  
 
6.2.1.2 Second batch experiments 
The second batch experiments were conducted slightly differently from the first batch 
experiments. In these experiments a total sample volume of 2,000 mL was used in a 2.0 L 
reactor (beaker) volume. The initial mixed liquor sample was measured for MLSS and found 




sample and 1,000 mL volume of water was transferred into a 2.0 L beaker. No substrate 
(coagulated leachate) was added in the first feed. These were allowed to run biologically for a 
while in order for the bacteria to reduce the activated sludge ammonium and COD in the 
solution. Two different experiments were conducted at different feeds as shown in Figure 6-4. 
One experiment was conducted on a substrate from coagulation–flocculation and the other 
substrate was from raw leachate. In batch scale experiments, ammonium and COD leachate 
concentrations were diluted by a factor of 0.1. These experiments were conducted for 31 
consecutive days at different feeds. Sampling was undertaken every two to four days, before 
and after each feed, and analysed for ammonium, nitrates, COD, MLSS and MLVSS. In 
addition, the concentrations of DO, pH and conductivity were monitored closely. More raw 
data is in Appendix N. 
 
 
Figure 6-4: Second batch complete set-up. 
 
6.3 Results and discussion 
6.3.1 First batch experiments 
These experiments were conducted for 38 consecutive days at different feeds as shown in 
Figure 6-5. Samples were taken daily prior to settling, before and after each feed, and analysed 
for ammonium, nitrates, COD, MLSS and MLVSS. The removal efficiencies of these 




parameters were calculated from characteristics of the influent and effluent of the SBR. Even 
after washing the mixed liquor sample prior to the nitrification test, high concentrations of 
COD (1,019 mg/L) in the solution were observed on Day 1, as shown in Figure 6-5. The initial 
COD concentrations of the substrate before dilution was 320 mg/L. As shown in Figure 6-5 the 
initial phase of the nitrification test from Day 1 to Day 11 was characterised by a reduction in 
COD concentrations. During this time, the removal of COD was very high, achieving 98% 
reduction in COD. During the phase from Day 1 to Day 9, the removal of ammonia was very 
low (3.0%) while nitrate concentration varied from 1.85 to 7.90 mgNL-1. The phase between 
Day 11 to Day 23 resembles an acclimatisation phase whereby the nitrifying bacteria were 
starting to utilise the dissolved oxygen to convert ammonia to nitrate. In this phase an average 
ammonium removal of 46% was achieved, while a nitrate increased from 12 to 22 mgNL-1. At 
Day 23 the concentration of ammonium of the feed was increased from 50 mg/L to 100 mg/L. 
The idea behind this was to motivate the growth of nitrifying bacteria by feeding them more 
ammonium. Unfortunately, this increase created an inhibitory environment for the bacteria to 
convert ammonia to nitrate. 
 
As shown clearly in Figure 6-5, there was a constant increase in ammonium concentrations 
from Day 23 to Day 38, whereas the nitrate production was variable. An increase in COD 
concentration was also observed in the solution from Day 13 to Day 31. This could be because 
of the inhibitory phase created by increasing the ammonium and COD concentration of the 
feeds. There must also have been some analytical interferences. As shown in Table 6-2, there 
was a decline in both the MLSS and the bacteria population (MLVSS) throughout the test. This 
decline could be because of the high concentrations of ammonium and COD in the solution, 
other inhibitory substances such as heavy metals or a very slow growth of the nitrifying 





Table 6-2: MLSS and MLVSS Concentrations from First Batch Experiments. 





Pre-feed 1 755 705 
  2 430 412 
  3 280 275 
  4 140 125 
  Average 401 379 
Post-feed 1 710 689 
  2 420 410 
  3 275 200 
  4 127 100 








































































6.3.2 Second batch experiments 
The second batch experiments were conducted for 31 consecutive days with different feeding 
regimes as shown in in Figure 6-6 and Figure 6-7. R1 experiments were conducted on 
coagulation-treated leachate while R2 experiments were conducted on raw leachate. The reason 
for these two different substrates was to assess and compare the efficiency of the nitrification 
treatment on the two substrates. Sampling was undertaken every two to four days after settling, 
before and after each feed, and then analysed for ammonium, nitrates, COD, MLSS and 
MLVSS. In addition, the concentrations of DO, pH and conductivity were monitored closely. 
As in the first batch experiments, the removal efficiencies of these parameters were calculated 
from the characteristics of the influent and effluent of the SBR. In both R1 and R2, the 
concentration of ammonium in the feed was kept constant at 50 mg/L. 
 
In the R1 experiments, the initial COD concentration of the solution was 110 mg/L and was 
reduced by 4% in the first phase (Day 1 to Day 7), as shown in Figure 6-6. The concentration 
of COD shows a significant, increasing trend across the entire experiment. A similar pattern is 
observed in the ammonium and nitrate concentrations. However, a significant reduction in 
ammonium concentrations and nitrates production was observed at each successive feed. For 
example, at Feed 1 the ammonium concentration was 64.0 mg/L and was reduced by 36.0% 
before Feed 2. At Feed 2 the ammonium concentration was 102 mg/L and was reduced by 
41.0% before Feed 3. Moreover, at Feed 1 nitrate concentration was 65.0 mg/L and was 
increased to 144 mg/L before Feed 2. At Feed 2 nitrate concentration was 116 mg/L and was 
increased to 194 mg/L before Feed 3. A similar pattern of COD, ammonium and nitrate 
performance was also observed on the R2 experiments, and this is shown in Figure 6-7. 
 
During these two experiments a repeated extreme reduction of pH levels (to pH 5.06) of the 
solution and an increase in conductivity (to 3,250 mS/cm) of the solution was observed. 
However, this study made repeated attempts to manually control the solution pH by adjusting 
it to desirable levels every time it dropped, by using sodium hydroxide. Generally, the 
nitrification process produces acid, which then lowers the pH level of the biological population, 
hence inhibiting the nitrification process (van Loosdrecht et al., 2016). The decrease in pH 
level of the biological population resulted in the reduction of nitrifiers (MLVSS), as shown in 
Table 6-3. The decrease of nitrifiers impacted negatively on the performance of ammonium 




experiments are presented in Table 6-4. Raw data for these experiments is presented in 
Appendix M and N. 
 
Table 6-3: MLSS and MLVSS Concentrations from the Second Batch Experiments. 













Post-feed 1 5,420 3,510 Post-feed 1 5,420 3,510 
  2 1,406 1,260  2 1,326 1,180 
  3 1,086 940   3 1,166 1,020 
  4 1,000 920   4 1,420 1,340 
  5 650 590   5 540 500 
  Average 1,912 1,444   Average 1,974 1,510 
Pre-feed 1 2,666 2,490 Pre-feed 1 2,626 2,370 
  2 1,086 940  2 786 640 
  3 1,260 1,180   3 1,400 1,340 
  4 705 520   4 600 570 
  5 450 395   5 490 466 




















































Nitrification batch activity test with coagulated substrate
NH4-N NO3-N COD























































































Friday 1 16 12 110 24 16 130 
Saturday 2 35 25 155 47 20 213 
Monday 4 28 112 113 25 78 230 
Wednesday  6 28 119 105 30 98 188 
Friday 7 64 85 178 54 112 198 
Friday 7 109 65 185 18 65 213 
Sunday 9 60 105 180 38 78 233 
Wednesday 12 70 144 105 85 174 172 
Wednesday 12 102 116 145 39 116 278 
Sunday 16 53 284 168 110 142 135 
Monday 17 60 194 206 124 164 18 
Monday 17 133 134 85 105 182 55 
Thursday 20 129 113 108 75 197 106 
Friday 21 60 223 281 123 177 82 
Sunday 23 54 302 381 146 193 303 
Tuesday 25 165 161 230 38 315 345 
Tuesday 25 76 205 205 84 147 120 
Saturday 29 122 137 108 122 137 391 




This study explored the potential of a method for removing ammonium from landfill leachate 
through the combination of coagulation–flocculation and biological nitrification processes. The 
preliminary trial performance of this integrated system was investigated using SBR on leachate 
supernatants (substrate). The substrate used was from experiments conducted with hexahydrate 
ferric chloride, which obtained high COD removals. Two batches of experiments were 
conducted:  the first batch was conducted for 38 consecutive days while the second batch was 
conducted for 31 days. In the first batch experiments, high COD removal of 98% was obtained 
between Day 1 and Day 11 of the nitrification test phase. During this phase, from Day 1 to Day 
9, the average removal of ammonia was very low (3.0%) while nitrate production was from 
1.85 to 7.90 mgNL-1. High ammonium removal average (46%) was achieved in the phase 
between Day 11 and Day 23, while nitrate production increased from 12 to 22 mgNL-1. A 




1 to Day 23. Thereafter, the feed volume was increased to give an ammonium concentration of 
100 mgNL-1. It is this increase of the feed volume and ammonium concentration that led to the 
reduction in the biological population and also to an increase in ammonium concentration in 
the solution. From Day 23 to the end there was no more ammonium removal, which led to the 
termination of this experiment. 
 
Second batch experiments were conducted on different substrates (R1 and R2). R1 experiments 
were conducted on coagulated leachate substrates while R2 experiments were conducted on 
raw leachate. In both R1 and R2, the concentration of ammonium of the feed was kept constant 
at 50 mgNL-1 in all the feeds. Generally, in these two experiments a significant reduction of 
ammonium concentration and nitrate production was observed at each successive feed. For 
example, at Feed 1 (R1) the ammonium concentration was 64.0 mgNL-1 and was reduced by 
36.0% before Feed 2. At Feed 2 the ammonium concentration was 102 mgNL-1 and was 
reduced by 41.0% before Feed 3. Moreover, at Feed 1 the nitrate concentration was 65.0 mgNL-
1and was increased to 144 mgNL-1 before Feed 2. At Feed 2 nitrate concentration was 116 
mgNL-1 and was increased to 194 mgNL-1 before Feed 3. However, in these two experiments 
a significant trend of increasing ammonium, nitrate and COD concentrations over the entire 
experiments was observed. 
 
Generally, the combination of coagulation–flocculation and biological nitrification processes 
did not perform satisfactorily in this study. Some of the possible reasons for this poor 
performance could be because the diluted leachate used as a substrate still contained very high 
ammonium and COD concentrations that proved to be toxic to the biological population. 
Secondly, the SBR in these experiments were operated manually, which proved very 
challenging when attempting to control pH levels, DO, conductivity and temperature of the 
solution. A repeated pH reduction of the biological population was observed. According to 
literature, pH levels outside the range from 7.5 to 8.5 inhibit the nitrification processes, and pH 
levels of 5.06 were observed repeatedly during this experiments. Moreover, DO levels of less 






CHAPTER 7. System integration of adsorption with coagulation–flocculation: Option 4 
 
This chapter discusses the system integration between adsorption and the coagulation–
flocculation method to remove ammonia nitrogen from landfill leachate. As indicated in 
Chapter 5, treatment through adsorption was investigated on five soils. Four of the soils 
investigated were local soils (type A, B, C and D) collected from a local landfill site, while one 
soil was zeolite sourced from a quarry in New Zealand. The four local soils were found to be 
equally ineffective in removing ammonium from landfill leachate, achieving less than 5% 
ammonium removal. Zeolite was found to be more effective in removing ammonium from 
landfill leachate, achieving about 23% ammonium removal. Therefore, in view of these results, 
this study investigated the potential for further removing ammonium from landfill leachate by 
integrating an adsorption method with a coagulation–flocculation method: that is, by first 
treating the leachate using an adsorption method and then further treating the treated leachate 
(decanted material) using coagulation–flocculation. Anhydrous ferric chloride and aluminium 
sulfate were also used as coagulants for the coagulation–flocculation processes. 
7.1 Materials and methods 
7.1.1 Landfill leachate, zeolite (sorbent) and anhydrous ferric chloride (coagulant) 
These experiments used landfill leachate, zeolite soil, anhydrous ferric chloride and aluminium 
sulfate. Leachate sampling and analysis is discussed in detail in Chapter 3, while the sourcing 
of zeolite and its characteristics are discussed in Chapter 5. Lastly, sourcing of anhydrous ferric 
chloride and aluminium sulfate is also discussed in Chapter 4. 
 
7.2 Experimental method 
In these experiments the raw landfill leachate was first treated through an adsorption method 
by using zeolite as the sorbent. These experiments followed the experimental methods in 
Chapter 5 (5.2). The treated leachate (decanted material) was analysed for ammonia nitrogen, 
COD, colour and turbidity reductions and then further treated with coagulation–flocculation 
processes. The coagulants used in these experiments were anhydrous ferric chloride and 
aluminium sulfate at several doses, ranging from 1,000 mg/L to 3,000 mg/L and from 2,000 
mg/L to 8,000 mg/L respectively. The supernatant was then analysed for ammonia nitrogen, 
COD, colour and turbidity reductions. Moreover, the experimental methods employed in 








Figure 7-1: Integrated system set-up of the adsorption and coagulation–flocculation processes. 
 
7.3 Results and discussion 
7.3.1 First experiments - adsorption  
Three leachate samples were first analysed for ammonium removal by adsorption using zeolite 
soil. Sample B and C are from the same leachate batch while sample A is from a different 
batch: the results are presented in Figure 7-2 and Figure 7-3. These experiments achieved 
relatively similar equilibrium ammonium removal capacity. Sample A and C each achieved 
10.4 mg/g, while sample B achieved 10.5 mg/g. Similarly, the percentage ammonium removal 
for samples A, B and C were 24%, 26% and 25% respectively. These results are relatively 
similar to those in Chapter 5 (23% ammonium removal). Adsorption summary results are 





Figure 7-2: Ammonium adsorption rate of landfill leachate samples from different batches. 
 




























































Table 7-1: Adsorption summary results using zeolite (adsorbent) at initial and final pH of 6.0 
and 6.5 respectively. The adsorbent dose was 50,000 mg/L, with shaking time and speed of 6.0 



























2152 1629 10.4 24.0 11.7 24.0 2.0 
Leachate 
Sample B 
2049 1522 10.5 26.0 10.2 24.0 2.0 
Leachate 
Sample C 
2065 1544 10.4 25.0 10.2 24.0 2.0 
 
7.3.2 Coagulation–flocculation experiments 
The second step of the integration system involved further treating the initially treated leachate 
(by adsorption) through coagulation–flocculation. The coagulants used in these experiments 
were anhydrous ferric chloride and aluminium sulfate at several doses. The supernatant was 
then analysed further for ammonia nitrogen, COD, colour and turbidity reductions. 
 
7.3.2.1 Ammonia nitrogen and COD results 
The total ammonia nitrogen results are presented in Figure 7-4: anhydrous ferric chloride was 
investigated at different sample initial pH levels (pH 6.5 and 7.0). Note that the final 
concentrations (Table 7-1) of ammonia nitrogen from the adsorption treatment were now used 
as the initial ammonia nitrogen concentrations of the leachate in the coagulation–flocculation 
experiments (Figure 7-4). At pH 7.0 the experiments with anhydrous ferric chloride reduced 
ammonia nitrogen concentrations from 1,521 mg/L to 1,314 mg/L at a dose of 1,500 mg/L, 
thus a maximum reduction of 14.0%. When comparing to the previous second batch 
coagulation–flocculation results in Chapter 4 (4.4.2.2), a maximum of 20% (from initial 
concentration of 2,120 mg/L to 1,686 mg/L) ammonia nitrogen removal was obtained at a dose 
of 2,000 mg/L, while a dose of 1,500 mg/L achieved only 5.0%. The integration of adsorption 
with anhydrous ferric chloride at pH 7.0 achieved the highest total ammonia nitrogen removal 
of 36%. 
 
At pH 6.5 the experiments with anhydrous ferric chloride reduced ammonia nitrogen 




reduction of also 14.0%. Therefore, achieving a maximum total ammonia nitrogen removal of 
35% when integrating adsorption with anhydrous ferric chloride at pH 6.5. In contrast, at pH 
6.5 the experiments with alum on adsorption-treated leachate reduced ammonia nitrogen 
concentrations from 1,544 mg/L to 1,441 mg/L at a dose of 6,000 mg/L, thus a maximum 
reduction of about 7.0%. Therefore, achieving the maximum total ammonia nitrogen removal 
of 30% when integrating adsorption with alum at pH 6.5. In summary, the integration between 
adsorption and anhydrous ferric chloride performed better than with alum achieving the highest 
ammonia nitrogen removal (36%) at a lower anhydrous ferric chloride dose of 1,500 mg/L. 
 
The COD reductions were only analysed on experiments with anhydrous ferric chloride at 
different pH levels as shown in Figure 7-5. At pH 6.5 the experiments with anhydrous ferric 
chloride on adsorption-treated leachate reduced COD concentrations from 3,344 mg/L to 
2,025mg/L at a dose of 1,000 mg/L, thus a maximum reduction of 39.0%. Therefore, achieving 
the highest total COD removal of 47% when integrating adsorption with anhydrous ferric 
chloride at pH 6.5. At pH 7.0 the experiments with anhydrous ferric chloride on adsorption-
treated leachate reduced COD concentrations from 3,400 mg/L to 2,000 mg/L at a dose of 
3,000 mg/L, thus a maximum reduction of 41.0%. In these experiments integrating adsorption 
with anhydrous ferric chloride at pH 6.5 performed better than with anhydrous ferric chloride 
at pH 7.0 in COD treatment. The previous COD results in Chapter 4 (4.4.2.2) on coagulation–
flocculation with anhydrous ferric chloride at pH 7.0 achieved a maximum of 32% COD (from 
initial concentration of 4,005 mg/L to 2,780 mg/L) removal at a dose of 5,000 mg/L, while a 






Figure 7-4: Ammonia nitrogen removal results with adsorption-treated leachate for different 
coagulant types at different pH levels. 
 
 
Figure 7-5: COD removal results for adsorption-treated leachate with anhydrous ferric chloride 
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Anhydrous ferric chloride at pH 6.5




7.3.2.2 Colour and turbidity results 
Colour and turbidity results are presented in Figure 7-6 and Figure 7-7. As shown in Figure 
7-6, a significant colour removal of 24% was obtained with adsorption experiments. An 
integration between adsorption and anhydrous ferric chloride at pH 6.5 obtained high 
percentages of colour removal, ranging from 71% to 96% across the doses used. A maximum 
of 96% colour reduction was achieved at a dose of 3,000 mg/L. Moreover, integration between 
adsorption and anhydrous ferric chloride at pH 7.0 still obtained high colour reductions, 
ranging from 61% to 89%. A maximum of 89% colour reduction was achieved, still at a dose 
of 3,000 mg/L. The previous first batch colour results in Chapter 4 (4.4.2.1) on coagulation–
flocculation with anhydrous ferric chloride at pH 7.0 achieved a maximum of 77% colour (from 
initial concentration of 8,920 PtCo to 2,080 PtCo) removal at a dose of 3,500 mg/L, while a 
dose of 3,000 mg/L achieved 66%. 
 
Experiments with integrating adsorption with alum obtained colour reductions ranging from 
48% to 93% with alum doses ranging from 2,000 mg/L to 12,000 mg/L. An increase in colour 
reductions with increasing alum dose was observed during experiments with alum. In these 
experiments, integrating adsorption with anhydrous ferric chloride at pH 6.5 performed better 
than any other integration in terms of colour treatment. 
 
As shown in Figure 7-7, about 2.0% increase in turbidity was observed with the adsorption 
experiments. An increase in turbidity removal was observed with increasing coagulant dose 
concentrations when integrating adsorption with anhydrous ferric chloride at pH 7.0. A 
maximum turbidity (75%) removal was achieved at a dose of 3,000 mg/L. When integrating 
adsorption with anhydrous ferric chloride at pH 6.5, an increase in turbidity of 5% at a dose of 
1,000 mg/L was initially experienced. Thereafter an increase in turbidity removal was observed 
with increasing coagulant dose, achieving a maximum of 85% of turbidity removal at a dose 
of 3,000 mg/L. Therefore, the results of integrating adsorption with anhydrous ferric chloride 







Figure 7-6: Colour removal results with different coagulant types at different pH levels. 
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This study investigated the potential for removing ammonium from landfill leachate by 
integrating an adsorption method with a coagulation–flocculation method. The performance of 
this integration was investigated by first treating the leachate using an adsorption method with 
zeolite soil and then further treating the treated leachate with anhydrous ferric chloride and 
aluminium sulfate through coagulation–flocculation. The adsorption method achieved an 
average ammonium removal of about 25%, an average COD removal of 10.7%, 24% colour 
removal and a 2.0% increase in turbidity concentration. Treating further the adsorption-treated 
leachate using coagulation–flocculation with anhydrous ferric chloride at pH 7.0 reduced 
ammonia nitrogen concentrations by 14.0% (from 1,521 mg/L to 1,314 mg/L) at a dose of 
1,500 mg/L. Therefore, achieving the highest total ammonia nitrogen removal of 36% when 
integrating adsorption with anhydrous ferric chloride at pH 7.0. Coagulation–flocculation with 
alum at pH 6.5 reduced ammonia nitrogen concentrations further by 7.0% making it to a total 
ammonia nitrogen removal of 30% with the integration system. In summary, the integration 
between adsorption and anhydrous ferric chloride performed better than with alum achieving 
the highest ammonia nitrogen removal (36%) at a low coagulant dose of 1,500 mg/L. 
 
A different pattern was observed on COD reductions. Treating further the adsorption-treated 
leachate using coagulation–flocculation with anhydrous ferric chloride at pH 6.5 and 7.0 
reduced COD concentrations by 39% and 41% respectively, thus each achieving a total COD 
removal of 47% when integrating adsorption. Moreover, experiments integrating adsorption 
with anhydrous ferric chloride at pH 6.5 performed better in colour treatment. This combination 
achieved very high colour removal of about 96% at a dose of 3,000 mg/L, while experiments 
with anhydrous ferric chloride at pH 7.0 obtained high colour reductions of 89% at the same 
dose of 3,000 mg/L. Experiments that integrated adsorption with alum obtained high (93%) 
colour reductions, however, at a high dose of 12,000 mg/L. The best turbidity treatment (85%) 
was also achieved by integrating adsorption with anhydrous ferric chloride at pH 6.5 while 
anhydrous ferric chloride at pH 7.0 produced about 75% reduction. 
 
Generally, the integration of an adsorption method with coagulation–flocculation improved 
treatment for ammonia nitrogen, COD, colour and turbidity from landfill leachate, achieving 
maximum reductions of 36%, 47%, 96% and 85% respectively. However, this treatment still 


































CHAPTER 8. Overall conclusion 
 
8.1 Individual options 
This study explored different options for treating ammonia nitrogen from landfill leachate: 
coagulation–flocculation, adsorption, an integrated system of coagulation–flocculation with 
biological nitrification, and an integrated system of adsorption and coagulation–flocculation. 
The leachate samples from this study had average ammonia nitrogen and COD concentrations 
of 2,260 mg/L and 4,340 mg/L respectively. 
 
The first individual option explored was coagulation–flocculation using anhydrous ferric 
chloride, hexahydrate ferric chloride and aluminium sulfate as coagulants to remove ammonia 
nitrogen from landfill leachate. In addition, the effectiveness of three commercial cationic 
polyelectrolytes (Magnesol 598, Crystalfloc and Magnafloc LT7991) in removing ammonia 
nitrogen from landfill leachate through coagulation–flocculation was investigated. Among 
these three coagulants, anhydrous ferric chloride at pH 7.0 was found to be more effective in 
the treatment of landfill leachate than hexahydrate ferric chloride and aluminium sulfate in 
achieving 20%, 29% and 77% of ammonia nitrogen, COD and colour removal respectively at 
a dose of 2,000 mg/L, while aluminium sulfate achieved 15% of ammonia nitrogen removal at 
pH 7.0 and at a dose of 14,000 mg/L. Moreover, alum achieved high COD and colour 
reductions of 36% and 88 % at the same dose. 
 
The hexahydrate ferric chloride at pH 7.0 achieved very low ammonia nitrogen removal of 
9.0%, and 26% COD reduction at a dose of 3,000 mg/L. Generally, the addition of cationic 
polyelectrolytes was ineffective, showing a decline in ammonia nitrogen (less than 9.0%) and 
COD removal. In contrast, the interaction between hexahydrate ferric chloride and Magnesol 
598 exhibited a good performance in turbidity removal, achieving a maximum of 94% at a dose 
of 3,000 mg/L of hexahydrate ferric chloride and 30 ml/L of Magnesol 598. 
 
In summary, using anhydrous ferric chloride for treating ammonia nitrogen from landfill 
leachate through coagulation–flocculation method reduced ammonia nitrogen from landfill 
leachate by 20% (from 2,260 mg/L to 1,800 mg/L). This leachate still contains very high 
ammonia nitrogen concentrations: not friendly to the environment and therefore very toxic to 
aquatic life in the receiving water bodies. This leachate would still potentially deplete dissolved 




still impact negatively on the wastewater treatment processes; hence the landfill owners could 
still be charged for treating their leachate at wastewater treatment plants. Overall, ammonia 
nitrogen treatment through coagulation–flocculation alone would still retain all the initial 
leachate concerns for the environment. 
 
The second individual option explored was adsorption using local soils and zeolite. All the four 
local soils used (type A, B, C and D) were found to be equally ineffective in removing 
ammonium from landfill leachate. They all achieved less than 5.0% ammonium removal. In 
contrast, zeolite was found somewhat effective (23%) in removing ammonium from landfill 
leachate. However, zeolite might be cost effective (not commercial viable) for use in treating 
ammonium through an adsorption method. Also, 23% removal resulted in a final ammonium 
concentration of 1,740 mg/L which is too high because of the reasons above. 
 
8.2 Systems integration 
In view of the low ammonia nitrogen treatment results achieved by individual methods 
(coagulation–flocculation and adsorption), the option of system integration was investigated. 
Two system integrations were analysed: integration between coagulation–flocculation and 
biological nitrification, and integration between adsorption and coagulation–flocculation. 
 
The first system integration (third option) explored the potential for removing ammonium from 
landfill leachate through the combination of coagulation–flocculation and biological 
nitrification processes. In these experiments, the preliminary trial performance of this system 
integration was analysed using a sequencing batch reactor on leachate supernatants from 
experiments conducted with hexahydrate ferric chloride (which obtained high COD removals). 
Two batches of experiments were conducted:  the first batch which took 38 consecutive days 
achieved a high ammonium removal average (46%) in the first 10 days. Thereafter, because of 
an increase in the feed volume (concentration of 100 mgNL-1), an increase in ammonium 
concentration was observed. The second batch was conducted for 31 days and compared 
experiments from coagulation-treated leachate substrates with experiments from raw leachate 
substrates. Various obstacles were encountered in these experiments, such as controlling pH, 
dissolved oxygen, conductivity, temperatures and analytical problems, all of which led to a 
significant, increasing trend of ammonium, nitrate and COD concentrations over the entire set 





The second system integration (fourth option) investigated the potential for removing 
ammonium from landfill leachate by combining an adsorption method with a coagulation–
flocculation method. The performance of this option was investigated by first treating the 
leachate using zeolite soil (adsorption method) and then further treating the treated leachate 
through coagulation–flocculation (using anhydrous ferric chloride and aluminium sulfate). The 
first treatment through adsorption achieved an average ammonium removal of about 25%, an 
average COD removal of 11%, 24% colour removal and a 2.0% increase in turbidity 
concentration. These results are relatively similar to those of individual option two (23% 
ammonium removal) in Chapter 5.  When further treating the adsorption-treated leachate using 
coagulation–flocculation with anhydrous ferric chloride at pH 7.0, a reduction in ammonia 
nitrogen concentrations by 14.0% (from 1,521 mg/L to 1,314 mg/L) at a dose of 1,500 mg/L 
was achieved. This compares well with the previous coagulation–flocculation (option one) 
results in Chapter 4 (4.4.2.2), where a maximum of 20% ammonia nitrogen removal was 
obtained at a dose of 2,000 mg/L, while a dose of 1,500 mg/L achieved only 5.0%. The 
integration of adsorption with anhydrous ferric chloride at pH 7.0 achieved the highest total 
ammonia nitrogen removal of 36%. 
 
Only 7.0% (from 1,544 mg/L to 1,435 mg/L) of ammonia nitrogen removal was achieved by 
coagulation–flocculation with alum at pH 6.5, therefore making a total ammonia nitrogen 
removal of 30% with system integration. In summary, the system integration between 
adsorption and anhydrous ferric chloride performed better than with alum, achieving the 
highest ammonia nitrogen removal (36%) at a low coagulant dose of 1,500 mg/L. 
 
The COD results showed a reduction in COD by 39% and 41% from the adsorption-treated 
leachate using coagulation–flocculation with anhydrous ferric chloride at pH 6.5 and 7.0 
respectively, thus achieving a total COD removal of 47% for both pH values with system 
integration adsorption. Moreover, a better colour treatment (96% removal at a dose of 
3,000 mg/L) was obtained by experiments integrating adsorption with anhydrous ferric 
chloride at pH 6.5, while 89% colour reductions at the same dose of 3,000 mg/L were achieved 
by experiments that integrated adsorption with anhydrous ferric chloride at pH 7.0. 
Experiments with integrating adsorption with alum obtained high (93%) colour reductions, at 
a high dose of 12,000 mg/L, however. The best turbidity treatment (85%) was also achieved 
by integrating adsorption with anhydrous ferric chloride at pH 6.5 while anhydrous ferric 




The system integration of adsorption method with coagulation–flocculation achieved 
maximum reductions of ammonia nitrogen, COD, colour and turbidity from landfill leachate, 
of 36%, 47%, 96% and 85% respectively. However, this treatment still produces landfill 
leachate with high (1,450 mg/L) ammonia nitrogen concentrations which is too high because 
of the reasons above. 
 
8.3 Limitations of work 
Most of the limitations encountered in this study were during the experimental work and these 
are detailed below. 
 
Optimisation analysis on anhydrous ferric chloride was not conducted during coagulation–
flocculation (option one) due to its unavailability at the initial stage of this research. 
Optimisation is a key component of coagulation–flocculation that could influence the outcome 
of the results. Moreover, the effect of polyelectrolytes addition was not assessed on anhydrous 
ferric chloride rather than the hydrated form which could also potential influence the outcome 
of the results. 
 
Challenges were also encountered in this study during adjustments of leachate sample pH 
(below 7.0 and above 8.0) with the addition of hydrochloric acid and sodium hydroxide. Rapid 
foaming occurred which made it difficult to adjust the pH to the desired levels, despite several 
attempts to mitigate this problem by adding drops of antifoaming agent (amyl alcohol). This 
could, therefore, have had an influence on the outcome of the results. 
 
Some challenges were due to analytical problems. The leachate sample used was the real-world 
leachate, not the synthetic type. This leachate contains various pollutants, of which some could 
interfere with spectrometer analytical analysis, therefore some of the methods struggled with 
leachate samples. Most of the methods used were developed for the clear sample not for real 
world leachate samples. Other limitations are that this study examined only one landfill 
leachate and also other sorbents were not tested. 
 
8.4 Recommendations for future work 
This study presented results of the potential of different methods in removing ammonia 
nitrogen from landfill leachate. However, the ammonia nitrogen removal obtained by 




ammonia removal by the conventional wastewater treatment plant or aerated wastewater 
lagoons. The following suggestions might enhance the ammonia nitrogen removal by the 
biological nitrification method: 
 A batch scale apparatus/reactor that is automated to maintain minimum and maximum 
dissolved oxygen levels of 0.5 mg/L and 5.0 mg/L respectively should be used. 
Nitrifying microbes depend on adequate dissolved oxygen to work on ammonia. 
 This study did not consider the removal of BOD prior to biological nitrification, which 
is a very important parameter to consider. The nitrifying microbes cannot compete well 
with the bacteria that remove BOD (heterotrophic bacteria). Therefore, with high BOD 
levels in the leachate, the nitrifying microbes are inhibited. 
 An automated batch reactor would be able to control and maintain the optimal pH of 
the biological population thus achieving optimum ammonia nitrogen treatment rates. 
The nitrifying microbes are very sensitive to pH and decrease significantly with pH 
values below pH 6.5. 
 A method that is better able to retain the nitrifying biomass, such as a fixed film system 
would be ideal. This would assist with the growth of microorganisms on the retaining 
medium, and biofilm formation, hence would oxidise ammonia. 
 
The goal of this study was to find leachate pretreatment methods that are effective, simple in 
operation, low in capital cost, and that result in reduced operational costs. 
Further investigations on the adsorption option would be beneficial, that is, identifying soils 
that are known to have a high clay mineral component and using them as adsorbents. As shown 
by the results in Chapter 5, the ammonium removal performance of soils depended on the clay 
content. High clay content results in a high affinity for cations, hence has a high potential for 
ammonia removal from wastewaters or landfill leachate. Therefore, clay content is very 
suitable in predicting the ammonium adsorption by soils. 
 
Lastly, the results of ammonia nitrogen removal in the system integration of adsorption and 
coagulation–flocculation using anhydrous ferric chloride indicate that doses beyond 1,000 
mg/L of coagulant caused a decline in ammonia nitrogen removal. It would be very interesting, 
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NH3-N COD SS Colour 





2 2000 ≈1700 3 8 28 31 
7 2000 ≈1700 14 33 68 78 
12 2000 ≈1700 6 18 30 49 
Ferric  
2 2000 ≈1700 10 22 63 61 
7 2000 ≈1700 26 28 92 82 
12 2000 ≈1700 18 20 70 55 
      
 





7 0 ≈1700 0 0 0 0 
7 9000 ≈1700 26 46 89 92 
7 10000 ≈1700 24 42 86 87 
Ferric  
7 0 ≈1700 0 0 0 0 
7 3000 ≈1700 26 37 96 84 
7 5000 ≈1700 9 2 10 5 






4 12000 2040 - 57.1 - 85.7 
4.8 14000 2040 - 68.9 - 89 
5 16000 2040 - 65.6 - 88 
Lateritic 
Soil 
1.5 12000 2040 - 60 - 70 
2 14000 2040 41.2 65 - 80 
2.5 16000 2040 - 50 - 55 





4.8 1000 2040 - 68.9 - 88.9 
4.8 10000 2040 47.6 85.4 - 96.4 
4.8 11000 2040 - 84.9 - 96.2 
Ferric  
4.8 2000 2040 - 40 - 61.9 
4.8 14000 2040 - 65.7 - 81.8 
4.8 16000 2040 - 62 - 78.6 
             
Adlan, et al., 
2011 
With DAF Ferric  
4 1500 1975 55 68.9 - 81.3 
5 812.5 1975 43.2 70.5 - 86.6 
6 1500 1975 50.8 73.5 - 93.2 
          
Moham-











7.5 1900 1949 - 57 99 97 
With DAF Alum  2300 1949 <5 79 - 70 
Ferric  599 1949 41 75 - 93 
            
Vedrenne 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 : First batch experiments ammonia nitrogen summary results with 




























































































 A Blank   - 0 0     - - 
 B QC   - 605 608   600 - 
within range 
 C QC   - 593 607   600 - 
1 
Raw Leachate   x5(20-100) 833 4165 
4105 - - within range 
Raw Leachate   x5(20-100) 831 4155 
Raw Leachate   x10(5-50) 413 4130 





1000 x5(20-100) 786 3930 
3946 - 3.9 within range 
1000 x5(20-100) 783 3915 
1000 x10(5-50) 397 3970 
1000 x10(5-50) 397 3970 
3 






1500 x5(20-100) 691 3455 
28.3 
  
1500 x10(5-50) 376 3760 






1800 x5(20-100) 710 3550 
3638 - 11.4 within range 
1800 x5(20-100) 700 3500 
1800 x10(5-50) 375 3750 
1800 x10(5-50) 375 3750 








2000 x5(20-100) 484 2420 
2000 x10(5-50) 239 2390 
2000 x10(5-50) 240 2400 
5 
2500 x5(20-100) 664 3320 
3380 - 17.7 within range 
2500 x5(20-100) 642 3210 
2500 x10(5-50) 351 3510 
2500 x10(5-50) 348 3480 
6 
3000 x5(20-100) 644 3220 




3000 x5(20-100) 646 3230 
3000 x10(5-50) 345 3450 
3000 x10(5-50) 330 3300 
7 
3500 x5(20-100) - 3150 




3500 x5(20-100) - 3120 
3500 x10(5-50) - 3040 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Reading Results Ẍ c.f. COD  
Comment 
(mg/L) (mg/L) (mg/L) (mg/L)  (mg/L) 
removal 
(%) 
 A Blank - - 0 0 - - - - 
 B QC - - 576 576 - 600 - within range 



















































1000 x5(20-100) 783 3915  
1000 x10(5-50) 403 4030  Within 
range 1000 x10(5-50) 393 3930  
2 





1500 x5(20-100) 788 3940  
1500 x10(5-50) 394 3940  Within 
range 1500 x10(5-50) 381 3810  
3 





1800 x5(20-100) 678 3390  
1800 x10(5-50) 367 3670  Within 
range 1800 x10(5-50) 349 3490  
4 





2000 x5(20-100) 771 3855 
 
2000 x10(5-50) 377 3770 
 Within 
range 2000 x10(5-50) 375 3750 
 
5 





2500 x5(20-100) 740 3700 
 
2500 x10(5-50) 380 3800 
 Within 
range 2500 x10(5-50) 385 3850 
 
6 





3000 x5(20-100) 720 3600 
 
3000 x10(5-50) 390 3900 
 Within 
range 3000 x10(5-50) 386 3860 
 
7 





4000 x5(20-100) 720 3600 
 
4000 x10(5-50) 361 3610 
 Within 
range 4000 x10(5-50) 360 3600  
8 





5000 x5(20-100) 700 3500  


















Reading Results Ẍ c.f. COD 
Comment 











6000 x5(20-100) 642 3210 
 
6000 x10(5-50) 330 3300 
 
10 






7000 x5(20-100) 686 3430 
 
7000 x10(5-50) - -  
11 






8000 x5(20-100) - -  
8000 x10(5-50) 353 3530 
 
12 






9000 x5(20-100) 630 3150 
 
9000 x10(5-50) 337 3370  
13 






10000 x5(20-100) 626 3130  
10000 x10(5-50) 303 3030 
 
14 






12000 x5(20-100) 569 2845 
 
12000 x10(5-50) 296 2960  
15 






14000 x5(20-100) 535 2675  




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Blank - - 0 0 - - -  - 
QC - - 569 569 569 600 - within range 





1,000 x5(20-100) 661 3305 
3408 - 17.0 
within range 
1,000 x5(20-100) 692 3460 
1,000 x10(5-50) 346 3460 
within range 
1,500 x5(20-100) 677 3385 
3310 - 19.4 1,500 x5(20-100) 679 3395 
within range 
1,500 x10(5-50) 315 3150 
1,800 x5(20-100) 651 3255 
3260 - 20.6 
within range 
1,800 x5(20-100) 655 3275 
1,800 x10(5-50) 325 3250 
within range 
2,000 x5(20-100) 600 3000 
2937 - 28.5 2,000 x5(20-100) 602 3010 
within range 
2,000 x10(5-50) 280 2800 
2,500 x5(20-100) 604 3020 
2975 - 27.5 
within range 
2,500 x5(20-100) 615 3075 
2,500 x10(5-50) 283 2830 
Within range 
3,000 x5(20-100) 602 3010 
2977 - 27.5 3,000 x5(20-100) 610 3050 
within range 
3,000 x10(5-50) 287 2870 
3,500 x5(20-100) 559 2795 
2855 - 30.5 Within range 
3,500 x5(20-100) 583 2915 
4,000 x5(20-100) 533 2665 
2803 - 31.7 
  
4,000 x5(20-100) 588 2940 Within range 
4,500 x5(20-100) 603 3015 
2965 - 27.8 within range 
4,500 x5(20-100) 583 2915 
5,000 x5(20-100) 551 2755 
2780 - 32.3 
 
within range 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 A Blank - - 0 0  - - 
 within 
range 
 B QC - - 588 588 600 - - 
 C QC - - 612 612 600 - - 
1 
Coag. Sample  1 x5(20-100) 728 3640 - 
3720 12.2 Decrease 
Coag. Sample  1 x10(5-50) 380 3800 - 
2 
Coag. Sample  1.5 x5(20-100) 714 3570 - 
3350 20.9 Decrease 
Coag. Sample  1.5 x10(5-50) 313 3130 - 
3 
Coag. Sample  1.8 x5(20-100) 716 3580 - 
3690 12.9 Decrease 
Coag. Sample  1.8 x10(5-50) 380 3800 - 
4 
Coag. Sample  2 x5(20-100) 779 3895 - 
3922.5 7.4 Decrease 
Coag. Sample  2 x10(5-50) 395 3950 - 
5 
Coag. Sample 2.5 x5(20-100) 835 4175 - 
4062.5 4.1 Decrease 
Coag. Sample  2.5 x10(5-50) 395 3950 - 
6 
Coag. Sample  3 x5(20-100) 669 3345 - 
3522.5 16.9 Decrease 
Coag. Sample  3 x10(5-50) 370 3700 - 
7 
Coag. Sample  3.3 x5(20-100) 695 3475 - 
3437.5 18.9 Decrease 
Coag. Sample  3.3 x10(5-50) 340 3400 - 
8 
Coag. Sample  4.2 x5(20-100) 630 3150 - 
3175 25.1 Decrease 
Coag. Sample  4.2 x10(5-50) 320 3200 - 
9 
Coag. Sample 5 x5(20-100) 650 3250 - 
3125 26.2 Decrease 






























(g/L) (mL/L) (%) removal 










Control 3 7 0 9.2 16.9 11.5 58.4 
Magnesol 589 
 
3 7 1 4.9 21.3 (128) 133 
3 7 2 6.4 27.7 (13.2) 66.1 
3 7 3 5.8 31.9 34.6 38.2 
3 7 4 6.9 37.5 69.2 18 
3 7 5 5.5 45.1 87.3 7.4 
3 7 10 5.3 33.6 71.2 16.8 
3 7 20 5.3 (9.0) 90.4 5.59 
3 7 30 6.1 (24.0) 93.8 3.63 
Crystalfloc 
 
3 7 5 7.0 6 (150) 146 
3 7 10 4.1 5.36 (260) 210 
3 7 15 0.9 14.92 (164) 154 
3 7 20 6.0 0.28 (489) 344 






3 7 1 5.7 25.42 (450) 321 
3 7 3 7.0 13.62 27.4 42.4 
3 7 5 5.5 1.97 56.5 25.4 
3 7 10 6.8 (32.3) (139) 139 
3 7 15 6.4 (42.8) 67.5 19 
3 7 20 8.1 (57.2) (67.1) 97.6 










































Particle size distribution curve of soil type A 
 
 













































Particle size distribution curve of type C soil. 
 
 





















































































































































































































































































































































































































































































































































































































































































































































































































Friday 1 200  156 8.2  1.85 1019  
Sunday 3 216  168 8.3  1.87 708  
Monday 4 231 265 180 1.5 5.8 0.34 633 590 
Wednesday 6 269  209 3  0.68 524  
Friday 8 281 284 219 2.4 1.2 0.54 646 695 
Wednesday 6 231  180 3.3  0.75 541.25  
Wednesday 7 231 259 180 8.3 1.7 1.87 486.25 506.25 
Thursday 8 226  176 22.4  5.06 437.5  
Friday 9 196  152 35  7.90 283  
Saturday 10 113 104 88 52 52 11.74 75  
Sunday 11 80  62 117  26.42 17  
Monday 12 80  62 141  31.84 35  
Tuesday 13 88  68 306  69.10 463  
Wednesday 14 98 112 76 117 28 26.42 396 426 
Thursday 15 61  47 115  25.97 185  
Friday 16 63  49 116  26.19 140  
Saturday 17 65 88 51 139 33 31.39 208 315 
Sunday 18 55  43 122  27.55 201  
Monday 19 57  44 135  30.48 178  
Tuesday 20 66 95 51 163 31 36.81 180 248 
Wednesday 21 58  45 153  34.55 235  
Thursday 22 50  39 98  22.13 391  
Friday 23 60 153 47 97 11 21.90 289 415 
Saturday 24 101  79 74  16.71 250 400 
Sunday 25 93  72 93  21.00 289  
Monday 26 93 177 72 175 44 39.52 290 390 
Tuesday 27 114  89 172  38.84 250  
Wednesday 28 124  96 209  47.19 488  
Thursday 29 133 196 103 333 64 75.19 323 549 
Friday 30 132  103 99  22.35 660  
Saturday 31 141  110 103  23.26 1040  
Sunday 32 143  111 127  28.68 860  
Monday 33 146  114 166  37.48 694  
Tuesday 34 154  120 236  53.29 583  
Wednesday 35 165 225 128 287 46 64.81 561 566 
Thursday 36 173  135 121  27.32 456  
Friday 37 142  110 195  44.03 330  
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